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In this study, the cultivation of microalgae in anaerobically digested domestic effluent 
(ADDE) was evaluated. Based on the knowledge from other literature, this is the first study 
of its kind. The ADDE was sourced from a local wastewater treatment plant (WWTP) which 
had a total ammonia content of approximately 1000 - 1500 mg L-1 NH3
+-N. The overarching 
aim of this study was to identify the optimal nutrient concentration to maximise the growth of 
the mixed microalgal consortium (Chlorella and Scenedesmus species) in the ADDE 
supernatant. Apart from this, the growth comparison of microalgae cultivated in sand-filtered 
and unfiltered, ADDE supernatant was also assessed. 
In this research, two experimental studies were conducted. The first study evaluated the 
growth of the mixed microalgal consortium in different dilutions (25%, 50%, 75% and 100%) 
of the unfiltered, ADDE supernatant. Based on the first study, the mixed consortium 
produced the highest mean specific growth rate (µ) in higher dilutions (25% and 50%) of the 
unfiltered, ADDE. The observations from the first study led to the creation of the second 
experiment, which observed the same consortium in the sand-filtered and unfiltered, ADDE 
at 25% and 50% dilution.  No statistical difference, however, was observed between the 
average biomass productivities (Pr) and µ of different treatments in the second study. The 
algal growth, however, in the 50% diluted, unfiltered ADDE treatment (50% UA treatment) 
possessed a higher µ when compared to the other treatments. 
The 50% UA treatment was also the most efficient treatment at removing nitrogen sources in 
comparison to the other treatments. It removed 63% and 77% more total nitrogen (ammonia, 
nitrate and nitrite) when compared to the average removal rates of the same nitrogen sources 
observed in other treatments. No statistical difference was, however, detected between the 
mean nitrogen (ammonia, nitrate and nitrite) removal rates of all treatments.  
The mixed consortium in all treatments was, however, not very efficient at removing 
phosphorus and COD. The mean phosphate removal rates observed in this second study was 
also much lower when compared to the phosphate or total phosphorus removal rate reported 
in other literature. The cause for this might be due to the non-ideal N: P ratio of the 
wastewater. The unfiltered, ADDE supernatant contained higher levels of phosphorus instead 
of ammonia. More nitrogen is typically required for microalgal growth instead of excess 
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phosphorus which makes only 1% of the microalgal dry weight. In terms of COD removal 
inefficiency, microalgal cells can release substances that increase COD levels, especially in 
conventional microalgae-based wastewater treatment systems (WWTS). Most of the COD in 
wastewater are also non-soluble and take a long time to biodegrade. 
As for the aerobic bacteria population observed in the second study, no statistical difference 
was detected between the aerobic cell counts of different treatments on day 0, 1 and 3. There 
was an increase (by about 40% - 50%) in aerobic bacterial cells observed in all treatments 
between day 1 and 3. An average of 1× 107 CFU mL-1 aerobic bacteria cells was observed in 
all treatments towards the end of the experiment of the second study. There were no E.coli or 
coliform bacteria observed in all the treatment replicates through the entire experimental 
period of the second study. 
In terms of heavy metal absorption, the same consortium that was grown in the 50% UA 
treatment, removed about 21% and 25% of Cd, Cr and As. The microalgal biomass cultivated 
in this treatment was more efficient at assimilating Cr and Cd over As. The concentration of 
As and Cd present in the mixed consortium’s biomass was respectively, about 83% - 99% 
higher than the maximum levels of these heavy metals (HMs) recommended by the Codex 
Alimentarius set by the FAO. It is unknown if the Cr levels in the mixed consortium’s 
biomass exceed the maximum levels since it was not stated in the Codex Alimentarius.  
While the 50% UA treatment was the most efficient at removing nitrogen sources (ammonia, 
nitrate and nitrite) in comparison to the other treatments. It was still relatively low in 
comparison to nitrogen (nitrate, nitrite and ammonia) removal rates reported in other 
published studies. The phosphorus or phosphate removal rates published in other studies were 
also much higher in comparison to this research. Based on the heavy metal analysis; the 
microalgal biomass produced in the same treatment, cannot be used to produce food and feed. 
It does not meet the international safety standards outlined in the Codex Alimentarius set by 
the FAO. The high level of aerobic bacteria detected in all treatments was due to the 
dissolved oxygen produced by the photosynthetic activity of microalgal cells. More work is 
still required before this indoor lab study can be conducted outdoors. Further analysis is 
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Term        Abbreviation 
Anaerobically digested domestic effluent   ADDE 
Anaerobically digested effluents    ADEs 
Anaerobically digested sludge    ADS 
Domestic wastewater      DWW 
Wastewater treatment plant      WWTP 
Wastewater treatment system     WTS 
Unfiltered, ADDE supernatant    UA 
Sand-filtered, ADDE supernatant    SA 
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+-N SA treatment    25% SA 
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+-N ADDE treatment   25% ADDE 
300 mg L-1 NH3
+-N ADDE treatment   50% ADDE 
Biomass productivity      Pr 
Specific growth rate      µ 
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Ash free dry weight       AFDW 
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1. Chapter 1: Literature review 
 
1.1 Introduction 
1.1.1. Problem statement 
There are approximately 2.1 billion people who lack access to safe drinking water, worldwide 
(WHO and UNICEF 2017). About 1.8 million children less than five years old die from 
diseases spread from contaminated water (Corcoran 2010). The discharge of unclean water 
into marine ecosystems is an environmental health hazard as it contains toxic pollutants 
(Water UN 2009). Currently, the primary source of water pollution is the release of human 
waste into natural water bodies, which also causes severe public health issues (Raouf et al. 
2012). The increased in urbanisation and industrialisation results in the generation of 
excessive wastewater which also pollutes clean water sources, especially in developing 
countries (Rajasulochana and Preethy 2016). Approximately, 2 million tons of wastewater 
which are generated from agricultural, domestic and industrial activities are released into 
water bodies (Corcoran 2010). About 90% of all the globally produced wastewater is also 
improperly or completely untreated before it is released (UN-Water 2016).  
It is why there is currently a need for wastewater treatment methods to be developed to 
prevent contamination and preserve clean water resources. Most existing treatment methods 
are, however, ineffective as they are costly and fail to remove excess nutrients such as heavy 
metals, phosphorus and ammonia, which leads to eutrophication (Sawayama et al. 1998). For 
this research, the wastewater that was used for this study was derived from anaerobically 
digested domestic effluent (ADDE). Domestic wastewater (DWW) is a combination of 
sewage effluent generated from bathroom, kitchen, laundry and toilet water (Government of 
Western Australia 2016). It is composed of human waste, food scraps, detergent residues and 
other materials (Government of Western Australia 2016). It must typically undergo three or 
more treatment stages before it can be safely discharged into the environment (Raouf et al. 
2012). 
The increase in human population has lead to the rise in DWW generated worldwide, which 
is roughly 10 billion per m3 (FAO 2016). There is a need for effective DWW treatment as this 
2 
 
effluent contains high amounts of harmful substances such as suspended solids and 
pathogenic bacteria (Sonune and Ghate 2004). There are few conventional domestic 
wastewater treatment systems (DWWT) which can effectively treat the effluent, but these 
systems also possess limitations. Therefore, there is still a need for alternative treatment 
systems which can treat this effluent.  
1.1.2. Conventional domestic wastewater treatment systems 
DWW is typically treated in a wastewater treatment plant (WWTP) which involves four main 
processes; preliminary, primary, secondary and tertiary treatment (Fig. 1) (Ketife 2017; 
Raouf et al. 2012). The preliminary treatment physically removes all solid waste in the 
sewage effluent (Gray 1989; Tebbutt 1983) while the primary process removes any remaining 
suspended solids using filter screens, grit and sediment removal tanks (Horan 1989; Water 
Corporation). The secondary treatment involves the use of heterotrophic, aerobic bacteria to 
treat the sewage effluent (Horan 1989). The bacteria can remove about 90% of the dissolved, 
suspended organic waste in the effluent (Horan 1989; Beelen 2007). The tertiary treatment 
 





eliminates all remaining ionic substances using either chemical or biological methods 
(Oswald 1988).  
Centralised sewage systems such as a WWTP are only utilised by economically wealthier 
countries such as the urban areas in China (Kjellén et al. 2012). More than 60% of the global 
population in urban areas have a connected sewage system to treat human waste (Koncagül et 
al. 2017). It is, however, a costly service, especially for areas with a low human populace 
whereby it encompasses more than 60% of the total budget for wastewater management 
(Massoud et al . 2009). This system also generates excess sludge and toxic substances which 
are hard to eliminate or require further treatment process (Abdulsada 2014).  
Most developing countries typically use decentralised on-site wastewater treatment systems 
(OWTS) (WHO and UNICEF 2017). These systems are typically used when WWTP are 
unavailable to treat and dispose of DWW (Gunady et al. 2015). OTWS include systems such 
as septic tanks or latrine pits (Engin et al. 2017; WWAP 2017). These systems are a much 
cheaper alternative when compared to a centralised sewage system and are widely applied in 
rural areas of Central Asia, Southern Asia, Oceania and sub-Saharan Africa (Abdulsada 2014; 
Engin et al. 2017; WWAP 2017). The table below lists the advantages and disadvantages of 
some OTWS, including other additional conventional DWW treatments (Table 1).   
 
Table 1. The advantages and disadvantages of traditional DWW treatments. 




Removes solid waste 
through sedimentation- 
anaerobic bacteria 
anaerobically digest solid 
waste. Advantages include:  
• Reduced BOD 
• Cheaper than ATUs  
• Low maintenance  
• Ineffective pathogen 
and nutrient removal  
• Treated effluent is 
released into the soil- 
causes groundwater 
pollution  
• Large land areas 
required for instalment 
• Suitable soil conditions 












Aerobic bacteria aerobically 
break down the waste. 
ATUs usually replace failed 
septic tanks. Advantages 
include:  
• Prevention of 
groundwater 
contamination 
• Effluent undergoes 
more treatment stages 
before it is released into 
the environment  
• Expensive 
• Higher maintenance 
than septic tanks 
• For example, solid 
waste must be regularly 
removed. The solid 
waste will accumulate 
and clog the ATU unit, 
which will cause it to 
malfunction.  
• High power 
consumption- requires 
electricity to power 
mechanical parts of 
ATUs  




• No water needed 
• Low energy 
consumption (no 
electricity required) 
• Recycles waste- human 
excreta, kitchen and 
household waste is 
aerobically digested by 
bacteria to create 
compost  
• Labour intensive- 
household residents 
must regularly clean 
their composting toilets  
• Unpleasant odour  





• Small treatment unit- 
can only treat low 
quantities of human 
waste  





It has a fixed biofilm full of 
heterotrophic bacteria at the 
reactor’s surface. The waste 
is aerobically degraded by 
bacteria. This method used 
in the secondary treatment 
process. Advantages 
include:  
• Reduced BOD  
• Removes 90% of 
bacteria  
• Continuous supply of 
oxygen for aerobic 
bacteria  
• Ineffective at 
eliminating viruses   
Gray 1989; Horan 
1989; Kott et al. 







It is a system designed to 
recycle industrial and 
domestic wastewater. The 
recycled wastewater is used 
for cultivating fish 
(aquaculture). Duckweed, 
hyacinth and other tolerant 
vascular plants are grown in 
ponds to treat DWW. 
Hyacinth can:  
• Reduce BOD levels  
• Remove suspended 
solids and nitrogen 
Duckweed can convert 
carbon, nitrogen and 
phosphorus into protein. 
Bacteria anaerobically 
metabolise and degrade 
suspended solids in these 
systems. 
• Anaerobiosis- the 
bacterial community, 
can consume all the 
oxygen. It could 
potentially kill the 
plants and other 
microorganisms that 
require oxygen for 
survival. It, however, 
does not affect vascular 
plants.  
• Few tolerant plant 
species- only a few 
vascular plants can be 
grown in DWW or 
other wastewater types  
Bastian and Reed 
1979; Culley and 
Epps 1973; Deng 
et al. 2006; 
Hussein et al. 
2004; O’Brien 
1981; Oron et al. 
1985 
Algal mats It is used to remove high 
amounts of nutrients in 
nutrient-dense 
environments by growing 
macroalgae or other aquatic 
flora. For example, in 
aquarium systems like Reef 
World; macroalgae are 
grown on a net or mesh. 
The macroalgae absorb the 
nutrients from the aquarium 
water.  
• Large surface area 
required for macroalgae 
growth 
• Labour intensive -  
macroalgae are 
physically planted onto 
or mechanically 
removed from the mesh 
or net  
• High sunlight required- 
high solar irradiation is 
needed for the 
macroalgae to utilise 
the excess nutrients. 
Artificial lighting is 
used when there are low 
amounts of sunlight 
available.  






It is an artificially created 
wetland which utilises 
wetland soil, plants and 
microorganisms. It is:  
• Cheap 
• Easy to operate 
• Low maintenance  
Recycles various 
wastewater types- mine 
drainage, domestic, 
agriculture and other 
wastewater types 
• Requires large areas of 
flat land to build 
• Requires porous soil to 
prevent groundwater 
contamination. 
• Regular maintenance- 
Eliminating weeds, 
insects and animals 
which spread water-
borne diseases or have a 
negative impact in 
CWs. For example, 
wetlands can become 
breeding sites for 
mosquitoes which can 
carry malaria.  
DeBusk et al. 
1989; Denny 
1997; Watson et 
al. 1989; Kivaisi 
2001 
 
1.2. Current anaerobic WWTS 
1.2.1. The current limitation with anaerobic digestion 
Anaerobic digestion involves the degradation of organic matter by anaerobic microbes under 
anoxic conditions (Caruana and Olsen 2012). This fermentation process reduces the amount 
of waste and organic matter content of the wastewater (Wiley et al. 2009). It is a widely 
applied DWWT as it consumes low amounts of energy, easy to maintain, and it is feasible to 
operate and build (Seghezzo et al. 1998). It is also highly efficient at conserving resources 
such as carbon dioxide, methane and water (Seghezzo et al. 1998).  
One of the major issues of anaerobically digested effluents (ADEs), however, is the lack of 
available technologies which can effectively eliminate excess inorganic nutrients such as 
phosphorus (P) and nitrogen (N) (Rongwong et al. 2018). The bacteria present during the 
anaerobic digestion process can only convert P and N sources into ammonium (NH4
+) and 
phosphate (PO4
3-) (Chernicharo 2006; Gonzalez-Gil et al. 2016). It is why ADEs are not 
released into surrounding water bodies as it contains high concentrations of these inorganic 
substances which causes eutrophication (Xue et al. 2015). The water quality of ADEs rarely 
meet the water quality standards for safe disposal, and it requires further treatment (Foresti 
2006; Tilche et al. 1996). 
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One of the other reasons that ADEs are not discarded is due to the production of 
commercially valuable biogas from this process (Crone et al. 2016; Heile and Chernicharo 
2017; Liu et al. 2014). Biogas can be used to produce electricity and thermal heat for WWTP, 
which reduces the expenses for these commodities. This allows the WWTP to self-generate 
some of their own heat and power. It is also more environmentally friendly to utilise the 
methane produced by ADE as it is a greenhouse gas which contributes to global warming 
(Daelman et al. 2012; Cakir and Stenstrom 2005).  
Biogas consist of approximately 60% of CH4 and less than 50% CO2 (Rongwong et al. 2018). 
The problem with harvesting biogas from ADEs is that about 50% of the methane gas (CH4) 
produced through anaerobic digestion remains dissolved (Crone et al. 2016; Heile and 
Chernicharo 2017; Liu et al. 2014; Souza et al. 2011). Methane and carbon dioxide (CO2) are 
converted from more than 60 to 70% of the organic carbons generated from ADEs 
(Rongwong et al. 2018).  
The process of cultivating of microalgae in anaerobically digested wastewater results in 
highly valuable end products; microalgal biomass, biogas and nutrient recovery (Dębowski et 
al. 2017; Ward et al. 2014). In biofuel production plants, the biogas produced from this 
process is used to self-generate the plant’s electricity and heat (Ward et al. 2014). There are a 
few challenges that can limit the cultivation of microalgae in ADEs. For instance, the 
downstream cost of harvesting and concentrating microalgae biomass is exceptionally high, 
and it can sometimes be very inefficient (Inglesby and Fisher 2012; Ward 2015). The 
methods which are used to harvest, concentrate and dewater microalgae (i.e. chemical 
coagulation and centrifugation) are also time-consuming and energy-intensive (Harun et al. 
2010; Pragya et al. 2013; Stephans et al. 2013).  
ADEs also contains high concentrations of suspended solids which reduces light penetration 
and promotes excessive bacterial growth which inhibits microalgal growth (Larsdotter 2006). 
The other disadvantage of using ADEs is the high concentration of ammonia (Dębowski et 
al. 2017). ADEs can typically contain 1000-3000 mg L-1 of ammonia, which exceeds the 
ammonia tolerance threshold for most microalgal strains (100 mg L-1) (Morales-Amaral et al. 
2015; Xia and Murphy 2015). High concentrations of ammonia are toxic to microalgal cells 
and can inhibit microalgal growth (Morales-Amaral et al. 2015; Xia and Murphy 2015). For 
example, 364 mg L-1 of total ammonia nitrogen (TAN) inhibited the growth of Scenedesmus 
8 
 
species (Posadas et al. 2015). Nevertheless, some microalgae species, such as Chlorella sp. 
are highly tolerant to high ammonia concentrations (Wang et al. 2010). For instance, Ayre et 
al. (2017) reported the growth the mixed microalgal consortium (Chlorella and Scenedesmus 
species) in anaerobically digested piggeries effluent (APDE) with a total ammonia 
concentration of about 800-1600 mg L-1 NH4
+-N. 
1.2.2. High-rate anaerobic systems 
Anaerobically treating wastewater in high rate bioreactors is one of the most sustainable, 
environmentally friendly and efficient WWTS (Stazi and Tomei 2018). It is a resource 
conservative and flexible treatment system which is coupled together with physical and 
chemical pre-treatments to ensure practical wastewater bioremediation (Stazi and Tomei 
2018). A high rate anaerobic reactor must be able to separate the solid biomass in the reactor 
when the suspended solids settle, recirculate, or when it attaches to other solid objects (Iza 
1991). Other features of this system include enhancing the contact between the suspended 
matter and wastewater (Iza 1991). Microorganisms with a low reproduction rate are not 
removed during this process when the bioreactor operates with short hydraulic retention times 
(HRT) (Gömec 2010). It allows smaller reactors to treat wastewater with high organic 
loadings (Aiyuk et al. 2006). 
The most common types of high-rate anaerobic bioreactors (Fig. 2) are anaerobic filter (AF), 
upflow anaerobic sludge blanket (UASB), expanded granular sludge bed (EGSB), anaerobic 
baffled reactor (ABR), fixed-film fluidised bed and expanded bed reactors (Stazi and Tomei 
2018). These are of the most powerful reactors which are used to treat industrial waste, low 
concentrations of wastewater and anaerobically digested sewage (Aiyuk et al. 2006; Bajpai 
2017; Bodkhe 2009; Gömec 2010; Iza 1991; Liu et al. 2018; Seghezzo et al. 1998; Haandel 
et al. 2006). The description, advantages and disadvantages of these bioreactors are described 
in the table below (Table 2). 
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Table 2. The different types of high-rate anaerobic treatment systems. 
Anaerobic 
WWTS 
Description Problems References 
Anaerobic 
filter (AF) 
First developed by Young and 
McCarty (1969) to treat high and 
low concentrations of wastewaters 
Composed of: 
- Vertical filter bed that contains 
inert objects (rock or plastics) 
for organisms or flocs to attach 
onto 
- Wastewater is pumped through 
the filter to separate organisms 
from the wastewater   
 
• In comparison to other high-rate 
anaerobic technologies: 
• Higher substrate removal rate  
• Capable of functioning at a 
lower hydraulic retention time 
(HRT)  
• Tolerant to shock loads 
• Requires lower amounts of 
wastewater to treat 
• Builder must possess expert 
knowledge to properly build an 
AF 
• Low removal rate of harmful 
pathogens and nutrients 
• Effluent and sludge needs 
further treatment or must be 
safely released 
• Prone to clog if the primary and 
pre-treatment process fails to 
remove undesired objects before 
it is treated by the AF 
• Laborious to remove and clean 
the clogged filter 
• Popular WWTS to treat low 
levels of wastewater in countries 
with a fairly stable climate that 




Martín et al. (2010);  
Stazi and Tomei 
(2018); 
Switzenbaum (1983); 





• Easily recycles and removes 
high amounts of suspended 
solids  
• Efficiently recovers biological 
activity  
• Simple to build and operate  





Highly compacted bioreactor (Fig. 
3) that: 
• Removes contaminants  
• Separate sludge biomass from 
effluent  
• Highly efficient WWTS due to 
high sludge and organic solid 
retention time versus other 
anaerobic bioreactors  
• Efficiently treats effluent under 
various temperatures  
• Maintains excellent effluent 
quality of the at 6 °C  
• Accumulates high 
concentrations of sludge 
biomass, even in the presence 
of: 
- slow-developing methanogens 
and hydrolytic microbes  
- low-temperature conditions 
Further investigation is needed to 
check for: 
- Feasibility 
- Long term sustainability  
- Economic cost of large scaling 
this system 
Lack of methods to prevent: 
• Membrane-fouling  
• Loss of dissolved methane, 
especially during colder 
temperatures 
• Little information available on 
the treatment performance of 
AnMBRs which is heavily 
determined by: 
- microbial activity  
- sludge properties in AnMBRs  
Most studies published on AnMBRs 
are small scale lab studies which 
mean the results obtained cannot be 
used for real-world applications in 
terms of large scale: 
• Operation expenses 
• Treatment plant maintenance 
Crone et al. (2016); 
Gouveia et al. (2015); 
Lettinga et al. (2001); 
Li and Yu (2016); 
Martinez-Sosa et al. 
(2011); 
Ozgun et al. (2015);  
Pretel et al. (2015); 
Smith et al. (2013); 
Yoo et al. (2013) 
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• Membrane fouling of a larger 
scale AnMBR device  
• Low N and P removal efficiency  
• Developing more effective 






• Generates cleaner sources of 
energy from wastewater: 
- electricity or hydrogen gas  
• Organic matter is anaerobically 
broken down in an anodic 
chamber which can be stored or 
used as electricity for electrical 
devices  
• No methane production which 
alleviates the problem of 
developing methods like the 
AnMBRs to capture this 
valuable biogas 
• Produces high quality treated 
effluent which is comparable to 
the aerobically treated effluent  
• Results obtained from laboratory 
studies of MESs indicate 
successful wastewater treatment  
• High cost. The material used to 
build a MESs (Fig. 3) is 100 
times more expensive than the 
components used to create an 
anaerobic digester  
• Generates insufficient amount of 
electricity which cannot power 
an electrical device 
• More powerful energy 
capturing, and storage devices 
must be utilised to capture 
electricity to provide enough 
bioelectricity to power a WWTP 
• Other issues for long-term 
WWT include: 
- Clogged electrodes  
- Membrane fouling  
Gong et al. (2011); 
An et al. (2015); 
Li (2016); 
Li and Yu (2016); 
Liu et al. (2014); 
Logan (2010); 
Sun et al. (2016); 





First constructed in the Netherlands 
by Lettinga and his co-workers in 
the 1970’s  
• Easy to construct, low cost to 
build and operate 
To ensure high treatment 
performance. These conditions must 
be met: 
• Retention of a high biomass 
concentration  
Aiyuk et al. (2006); 






• Capable of treating various 
types of wastewater  
• High amounts of solid biomass 
can be retained in the reactor 
which is not easily washed out 
of the system.  
• No packing material is needed to 
capture the solids such as a: 
- filter or; 
- fluidised beds  
 
• Turbulence caused by biogas 
production and influent flow 
allows the microorganisms to be 
homogenised in the wastewater 
contact  
• Hydrolysis is a step which can 
be easily restricted, which also 
limits the anaerobic digestion 
process of the effluent, 
especially treating wastewaters 
with a variable composition 
such as sewage with high levels 
of suspended solids.  
• Optimal performance is 
achieved when the treatment 
processes are carried out in 
temperatures > 18 °C in UASB, 
especially for treating 
wastewaters like sewage  
Daud et al. (2018); 
Elmitwalli (2000);  
Kujawa-Roeleveld and 
Zeeman (2006); 
Seghezzo et al. (1998); 
Switzenbaum (1983); 
Verstraete et al. (1997); 





• Optimises the contact between 
sludge and wastewater 
• Performs better than a 
conventional UASB reactor 
• High recirculation of the 
wastewater which makes it an 
efficient WWT 
• Efficiently removes pollutants  
• Efficiently bioremediates low 
levels of wastewater at low 
temperatures 
• Not all the soluble pollutants are 
removed  
• Capable of only treating low 
concentrations of wastewater 
Bajpai (2017); 
Gömec (2010); 
Haandel et al. (2006); 








First developed by McCarty and co-
workers at Stanford 
• No clogging induced by the 
wastewater  
• Retains high biomass 
concentrations which makes this 
an efficient WWTS 
• Produces low levels of sludge 
derived from the wastewater 
• Operates in two phases which 
separates and enhances: 
- acidogenesis  
- methanogenesis  
• Creates favourable conditions 
for acidogenic bacteria which 
increases the acidogenesis 
activity  
• Does not require complex 
devices  
• Low cost maintenance  
• Easy to construct 
• Capable of treating wastewater 
at low temperatures  
• Enhances hydrolysis of matter 
which do not easily biodegrade 
• Resilient to high levels of 
hydraulic and organic shock 
loads  
• Longer biomass retention times  
• Shallow reactors must be 
constructed to ensure a 
sufficient amount of liquid and 
gas is available in the reactor  
• Difficulty in maintaining 
uniform distribution of influent 
in reactor 
• Suitable WWTS for only 











Grigoropoulos (2002);  
Rozzi et al. (1994); 
Stazi and Tomei 
(2018); 








Fig. 2. Schematic diagrams of high-rate anaerobic system. (a) Anaerobic filter (AF); (b) Upflow 
anaerobic sludge blanket (UASB); (c) Expanded granular sludge bed (EGSB); (d) Anaerobic 






Fig. 3. Schematic diagram of (a) anaerobic membrane reactor 
(AnMBR) and (b) the anaerobic digestion-MES integrated system. 














1.3. Microalgae for wastewater bioremediation and treatment 
Microalgae are microscopic, plant-like organisms, which lack true leaves, stems and vascular 
tissues (Randrianarison and Ashraf 2017). These are highly efficient photosynthetic 
microorganisms which can treat various wastewaters such as industrial and municipal 
effluents (Hagen 2009). Robust microalgae genera such as Euglena, Oscillatoria, 
Chlamydomonas, Scenedesmus, Chlorella, Nitzschia, Navicula and Stigeoclonium are the 
most successful at growing in DWW (Palmer 1974). The two most studied and robust 
microalgae for WWT are Scenedesmus and Chlorella species (Koreivienė et al. 2014). These 
two microalgal species are extremely efficient at utilising the nutrients available in the 
wastewater (Koreivienė et al. 2014). They can remove approximately 80% of the available N 
and P sources available in secondary treated DWW (Pittman et al. 2012).  
The cultivation of most microalgae is time-efficient, low maintenance and requires little 
freshwater (Brennan and Owende 2010; Maity et al. 2014). These microorganisms grow 
much faster than terrestrial crops (Randrianarison and Ashraf 2017). Some microalgal species 
can double their biomass more than ten times a day (Lv et al. 2017). For instance, 
Ochromonas danica has a biomass doubling time of 12.1 hours a day (Lv et al. 2017). 
Microalgae, unlike domestic crops, can be grown in extensive non-arable lands using saline 
water or wastewater, instead of freshwater (Borowitzka and Moheimani 2013). 
DWW is a suitable medium to cultivate microalgae as it contains nutrients such as nitrogen 
(N) and phosphorous (P), which are crucial for microalgal growth (Lammers et al. 2017). The 
treatment of this effluent also reduces the spread of excreta-related diseases, water pollution 
and protects aquatic wildlife (Duncan 2013). Microalgae can assimilate the available 
nutrients in the wastewater (Fig. 4) such as N, P and carbon dioxide (CO2) during 
photosynthesis to produce microalgal biomass (Oswald and Gotaas 1957). These 
microorganisms are also capable of removing heavy metals, pathogenic organisms and some 
other toxic substances (Abdulsada 2014). 
1.3.1. Nutrient removal by microalgal cells 
Microalgal cells assimilate nutrients by using different metabolic pathways (Chalivendra 




phosphorous and sulphur (Chalivendra 2014). Microalgae are typically cultivated to 
bioremediate nitrogen, phosphorus and heavy metals from the wastewater (Cai et al. 2013).  
1.3.2. Nitrogen removal 
Microalgal cells produces organic nitrogen though the process called nitrogen assimilation 
which converts nitrite, nitrate and ammonia into nitrogen; non-eukaryotic microalgae cannot 
assimilate nitrogen sources (Cai et al. 2013). Nitrogen is required for microalgal growth as it 
an important nutrient which is used to synthesise enzymes, peptides, including energy 
transfer molecules such as ADP (adenosine diphosphate) and ATP (adenosine-5’-
triphosphate) (Barsanti and Gualtieri 2006). 
Inorganic nitrogen (nitrate, nitrite and ammonia) are absorbed by the cell across the plasma 
membrane for nitrate assimilation (Cai et al. 2013). Nitrate and nitrite are reduced by 
enzymes (“NADH-dependent” nitrate and “NADPH-linked” nitrite reductase) into 
ammonium (Fig. 5) (Cai et al. 2013). Ammonium is assimilated into microalgal cells which 
are synthesised into amino acids (Cai et al. 2013). The enzymes which are involved in this 
process are glutamine and glutamate synthase (Cai et al. 2013). Ultimately, all inorganic 
nitrogen sources are synthesised into amino acids (Cai et al. 2013). 
 
 
Fig. 4. The main interactions between microalgae and bacteria in a microalgae wastewater system. 
This image was copied and modified from Oswald and Gotaas (1957). With permission from the 











1.3.3. Phosphorus removal 
Microalgal cells uptake phosphorus through an active process called phosphorylation 
(Larsdotter 2006). This process requires energy which is generated from the oxidation of 
respiratory substrates; the electron transport system and light (Larsdotter 2006). Phosphorus 
is an essential substance for microalgal cell growth, and their metabolic function; it is also 
present in cell structures such as nucleic acids (Becker 1994; Larsdotter 2006). The uptake of 
this nutrient is determined by environmental factors and the state of the microalgal cell such 
as light, temperature, pH, salinity, nutrient starvation and microalgal growth (Powell et al. 
2009; Cembella et al. 1982). 
Phosphorus (P) sources which are primarily assimilated by microalgal cells are dihydrogen 
phosphate (H2PO4
-) and hydrogen phosphate (HPO4
2-) ions (Becker 1994; Larsdotter 2006). 
These ions are also synthesised into organic compounds during phosphorylation (Fogg 1975; 
Oliver and Ganf 2000). Microalgae are capable of also utilising other organic forms of P such 
as cyclic-AMP, phospholipids, pyrophosphate, including soluble inorganic phosphate (SIP) 
(Cembella et al. 1984).  
ATP is also produced during this process, and any excess phosphorus are stored as volutin 
granules (Fogg 1975; Oliver and Ganf 2000). Microalgal cells will access these reserves 
when phosphorus sources are depleted (Fogg 1975; Oliver and Ganf 2000). This process is 
known as “overshoot” or starvation uptake when microalgal cells accumulate this nutrient in 
excess in conditions with low levels of P (Singh et al. 2018). The same observation was seen 
in microalgal cells that also excessively store this nutrient in P abundant environments 
(Powell et al. 2009; Keenan et al. 1974). This process is known as “luxury” or storage uptake 
(Powell et al. 2009; Keenan et al. 1974).  
 
Fig. 5. The conversion of inorganic nitrogen to organic nitrogen. This equation was adapted 












1.3.4. Removal of heavy metals in microalgae  
Among the significant advantages of cultivating microalgae in wastewater is its ability to 
bioremediate heavy metals (HMs) (Kumar et al. 2015). Microalgae require certain nutrients 
and environmental conditions to bioremediate metals from HMs dense effluents (Rajamani et 
al. 2007). It makes them suitable for treating effluents derived from aerobic and anaerobic 
treated wastewaters (Rajamani et al. 2007).  
Some microalgae have affinities for certain HMs, which enhances their uptake for dissolved 
metallic ions such as Chlorella and Scenedesmus (de-Bashan and Bashan 2010). Brinza et al. 
(2007) found that a number of marine, micro and macro-algal species possess the ability to 
bioabsorb multiple HMs such as K, Mg, Ca, Fe, Sr, Co and other HMs. The main HMs which 
are commonly removed by some microalgal species include Cu, Cd, Ni, Pb, Zn, Hg and Cr 
(Kumar et al. 2015).  
Amongst all the HMs, Cd, Pb, Hg and inorganic As are the most toxic and these HMs are 
also considered the top ten HMs that is of significant public concern (WHO 2017). For 
ADEs, the typical concentrations of HMs include about 7-19 µg L-1 of Cd, 120- 500 µg L-1 of 
Cd and 70- 240 µg L-1 of Pb, including other the metals such as 28 000- 10 000 µg L-1 of Zn 
(Valeur 2011).   
1.3.5. Mechanisms of heavy metal removal in microalgae 
There are three types of methods in which microalgae assimilate HMs into their cells. The 
first is through extracellular accumulation or precipitation, which is aided by other 
microorganisms (Cossich et al. 2002). The second is the absorption of HMs through the cell’s 
surface, and the last is through intracellular accumulation which is aided by microbial activity 
(Cossich et al. 2002). Both living and dead cells can assimilate HMs, but the mechanisms of 
HMs assimilation are different (Cossich et al. 2002).  
Bioabsorption of HMs refers to the passive and active absorption of HMs into microalgal 
cells (Malik 2004). Passive bioabsorption is when HMs are trapped and absorbed by the 
binding sites present on the microalgal cell’s structure (Malik 2004). While, active 
bioabsorption is when HMs diffuse across the cellular membrane through the cell’s metabolic 




of these absorption methods (Malik 2004). There are two modes of HMs bioremediation in 
microalgal cells; bioaccumulation of HMs in living and in non-living cells like biomass 
products Kumar et al. 2015).  
Living microalgal biomass are sensitive to the chemical composition and the abiotic factors 
such as the pH and temperature of the wastewater (Monteiro et al. 2012). The effluent is not 
suitable for microalgal cultivation if it contains high levels of metals or other toxic substances 
(Sánchez et al. 1999). Dead microalgal biomass can passively absorb cations using functional 
groups on the cell surface (Monteiro et al. 2012). In some instances, dead microalgal biomass 
can assimilate higher quantities of heavy metal in comparison to living microalgal cells 
(Jjemba 2004; Kaduková and Vircíková 2005; Özer 2000).  
The advantage of using non-living cells is that they are much easier to process as dead cells 
need no additional nutrients and are not affected by the chemical properties of the effluent 
(Sánchez et al. 1999; Dönmez and Aksu 2002). Dead microalgal cells, however, absorb fewer 
metal ions when it is exposed to heat (Monteiro et al. 2012). The thermal energy will destroy 
structural features of the microalgal cell which reduces the number of effective metal ion 
binding sites, especially in living microalgal cells (Costa and França 1998; Terry and Stone 
2002; Vannela and Verma 2006). This was observed in Scenedesmus obliquus and 
Desmodesmus pleiomorphus cells which assimilated lower levels of Zn after it was exposed 
to heat (Monteiro et al. 2011). In another study, the opposite was also observed where dead 
microalgal cells were capable of assimilating a relatively high amount of metal ions 
(Kaduková and Vircíková 2005).  For instance, living cells of C. vulgaris can absorb about 21 
- 86 mg g-1 of Cd (Chen et al. 2012; Aksu and Dönmez 2006). While non-living cells of the 
same microalgal species can roughly assimilate 12 - 33 mg g-1 of Cd (Klimmek et al. 2001).  
Metal uptake by microalgal cells is also dependant on the metal chemistry in solution and the 
acid-base properties of various functional groups and how they interact with the microalga’s 
cell surface (Rangsayatorn et al. 2004; Sheng et al. 2007). Metal groups react with H+ ions at 
low pH concentrations which makes the metal ions acquire a positive charge which prevents 
these ions from binding to other substances with a similar charge (Monteiro et al. 2012). 
These metal ions are deprotonated in high pH levels which gives them a negative charge and 
allows them to bind to positively charged metal ions (cations) (Al-Rub et al. 2004; 




metal cations in a pH concentration ranging from pH 2–5 such as carboxyl (pH 5–9), 
phosphate (pH 9–12) and hydroxyl groups (Chojnacka et al. 2005). 
Metal speciation also plays a significant role in metal absorption in microalgal cells. Metal 
cations bind onto microalgal cells based on their speciation (form), which is influenced by the 
environmental pH (Monteiro et al. 2012). These metal ions exist in many different forms 
such as free ions, complexes with inorganic or organic ligands, adsorbates and so forth. Metal 
ions that exist as a free form are, however, the most toxic to all living organisms (Mehta and 
Gaur 2005). The presence of other metals in the wastewater also plays a significant role in 
heavy metal bioremediation in microalgal cells.  
Heavy metal removal of microalgal cells are inhibited when cations and anions are present in 
the solution (Mehta and Singh 2002). These metal ions compete to bind to the absorption 
sites on the microalga’s cell surface (Arief et al. 2008; Ahuja et al.1999). For instance, the 
competitive nature of the two metal ions Cd2+ and Ni2+ competed for the binding sites of C. 
vulgaris (Aksu and Dönmez 2006).  
Microalgal growth can be also be inhibited by the number of metal ions assimilated 
intracellularly or bound to the surface of the microalgal cell (Tripathi and Gaur 2006). The 
variable which indicates the concentration of a specific metal ion which inhibits microalgal 
growth is known as the EC50 value (Monteiro et al. 2012). The EC50 value of 88 causes 50% 
growth inhibition in microalgal cells (Monteiro et al. 2012). This value is also used to 
measure a microalgal species tolerance or resistance to a particular metal ion (Monteiro et al. 
2012). For instance, the growth of S. obliquus and D. pleiomorphus was inhibited when it 
was exposed to 1.92 mg L-1 of Cd, which produced an EC50 value of 0.058 (Monteiro et al. 
2011).  
The rate of heavy metal removal increases when there is a high concentration of microalgal 
biomass present (Arief et al. 2008). More microalgal cells result in a greater number of free 
sites for the metal ions to bind to and be assimilated (Fraile et al. 2005). There are other 
studies which report that higher microalgal biomass concentrations can also result in lower 
heavy metal removal rate. Higher quantities of microalgal biomass result in a smaller surface 
area ratio; there are fewer areas for metal ions to bind to and be assimilated (Munõz et al. 




uptake of the Pb2+ was reduced by 121 to 21 mg g-1 when the biomass concentration of 
Spirulina maxima increased (Gong et al. 2005).  
1.4. The effect of abiotic and biotic on microalgae growth 
1.4.1. Nutrients 
The nutrient ratio of the anaerobic digestate also has an impact on the microalgal community. 
The optimal carbon to nitrogen (C: N) ratio is 4.16: 7.82 or 4: 8 for most microalgal species ( 
Dębowski et al. 2017; Sialve et al. 2009). In other studies, the optimum C: N ratio for 
microalgae cultivated for anaerobic digestion is 20: 1 or 25: 1 (Yen and Brune 2007). The 
phosphorus to nitrogen (N: P) ratio is generally 7 for most microalgal species (Dębowski et 
al. 2017). Phosphorus only composes of 1% of the microalgal dry weight; it the second most 
essential nutrient for microalgal growth (Abdulsada 2014). It was estimated that 45 kg of N 
and 4 kg of P is needed to produce one tonne of microalgal biomass (Lyovo et al. 2010). The 
optimal N: P ratio for cultivating microalgae in anaerobic digestate is about 10 or 17: 1 
(Schamphelaire and Verstraete 2009). The most dominant microalgae which are capable of 
growing in different anaerobically digested digestate are Chlorella and Scenedesmus species 
(Bohutskyi et al. 2015; Zuliani et al. 2016). 
In a study conducted by Zuliani et al. (2016), Chlorella and Scenedesmus were cultivated on 
different anaerobic digestates (dA, dB and dC) in a closed photobioreactor (Table 3). In this 
study, the different anaerobic digestates were diluted before the microalgae were cultivated in 
the different media (Zuliani et al. 2016). Zuliani et al. (2016) compared the microalgal 
growth between the different anaerobic digestates to the artificially created high salt (HS) 
medium (Table 3). There was no significant microalgae growth in the dC medium due to the 
low nitrogen content, which was three times lower than the HS medium (Table 3). It was also 
observed that the microalgae biomass increased when carboxylic acid substrates such as 




lack of phosphorus sources increased the carotenoid content in C. vulgaris and an isolated 
Scenedesmus strain (Zuliani et al. 2016).  
1.4.2. Ammonia (NH3) 
Ammonia is among the major component of DWW, ranging from 10 - 200 mg L-1 NH3-N 
(Konig et al. 1987; Thomas et al. 1980). It is an ideal nitrogen source for microalgal cells as 
it does not have to be reduced to its oxidation state, and it can be easily converted into amino 
acids (Collos and Harrison 2014). The accumulation of this compound, however, causes 
ammonia toxicity in microalgal cells (Converti et al. 2006). It can passively diffuse through 
the cellular membrane of microalgal cells based on the pH gradient (Markou et al. 2016).  
For example, in most microalgal and cyanobacterial cells, the pH of the medium in the cell 
changes constantly and can exceed a pH of 9 (Markou and Georgakakis 2011). Ammonia can 
readily diffuse from the environment with a pH of 9 to 10 into the microalgae’s cytoplasm 
(pH 8.5). It is typically present as ammonium (NH4
+) in aqueous solutions and as free 
ammonia or FA (NH3) in gaseous form (Boussiba and Gibson 1991). NH3
+ and NH4 
+ are 
typically present together when these elements dissociate (NH3 + H2 O ⇌ NH4+ + OH-) in an 
aqueous solution (Källqvist and Svenson 2003).  
Table 3. The composition of anaerobic substrates used to create different growth media for microalgae 
cultivation. The substrate dA is collected from cattle manure co-treated with domestic crops. The dB is 
the anaerobic substrate derived from primary treated, activated sludge generated from municipal 
wastewater. The anaerobic substrate, dC is the derived from municipal wastewater. High salt (HS) is an 
artificially created medium used for laboratory experiments. The table was copied and modified from 






The dissociation constant of NH3 and NH4
+ is between 9.25 - 9.3 (Collos and Harrison 2014; 
Markou et al. 2016). It means chemical compounds (with or without NH3 and NH4) will 
break free from their chemical bonds to form NH4
+or NH3 at a pH of 9.25 to 9.3 when placed 
in a solution. Ammonium is most likely present at a pH < 9.25, while ammonia prefers pH > 
9.25 (Boussiba and Gibson 1991). The increase in pH increases the concentration of 
ammonia (Whitfield 1974; Emerson et al. 1975; Bower and Bidwell 1978; Spotte and Adams 
1983). The ratio of unionised ammonia to ammonium ion (NH3: NH4
+) depends on the 
environmental pH and temperature. For instance, the NH3: NH4
+ increases by 10 times with 
every unit increase in pH and for every 10 °C increase within a temperature range of 0 °C - 
30°C (Erickson 1985).  
It is much more difficult for microalgal cells to assimilate NH4
+ in comparison to ammonia as 
it is a charged cation  (Collos and Harrison 2014). FA is an uncharged, lipid-soluble molecule 
which enables it to pass through the cell membrane easily, and it is also easily lost into the 
atmosphere (Collos and Harrison 2014). The assimilation of FA stresses and disturbs the 
intracellular pH of microalgal cells (Giordano et al. 2003; Britto and Kronzucker 2002).  
Chlorophytes are more tolerant to high ammonia concentrations in comparison to diatoms, 
prymnesiophytes, dinoflagellates, and raphidophytes (Collos and Harrison 2014). For 
instance, the photosynthetic activity and growth of marine dinoflagellates were inhibited by 
total ammonia concentrations > 0.1 mM (Thomas et al. 1980). Uncharged, free ammonia are 
more toxic than the NH3
+ ion to microalgal cells  (Azov and Goldman 1982). For instance, 
carbon assimilation of two marine microalgae; Phaeodactylum tricornutum and Dunaliella 
tertiolecta was reduced by 50% in concentrations of 1.2 mM free ammonia (Azov and 
Goldman 1982). Chlorophytes such as Chlorella vulagaris are more tolerant to high levels of 
ammonia as it possesses an enzyme called glutamate dehydrogenase which rapidly converts 
ammonia into amino acids  (Klochenko et al. 2003; Källqvist and Svenson 2003).  
The accumulation of ammonia in microalgal cells, however, inhibits photosynthesis by 
damaging the Mn Cluster, which inhibits the activity of the oxygen evolution complex (OEC) 
(Oyala et al. 2015). The Mn Cluster is a structure responsible for splitting water substrates 
(H2O) into oxygen (O2) molecules (Navarro et al. 2013). Ammonia is a water analogue; it has 




Ammonia binding to the Mn cluster results in photon damage in the photosystem II (PS II) 
(Drath et al. 2008). 
Ammonia displaces the water substrate 1 (W1) which binds to a specific site of the Mn 
cluster called the S2 state (Fig. 6) (Navarro et al. 2013; Oyala et al. 2015). It was observed 
that when W1 binds to the Mn cluster, it forms a bond with a protein called aspartate D1-D61 
(Fig. 6) (Oyala et al. 2015). The production of O2 slows down when the NH3 molecule binds 
to the Mn cluster and forms a bond with this same protein (Hundelt et al. 1998). This results 
in the production of fewer protons which may potentially cause a change in the Δ pH (proton 
or pH gradient). The changes in the Δ pH in chloroplasts cells induces a decrease in ATP 
production, which inhibits photosynthesis (Markou et al. 2016).  
The accumulation of FA disrupts the photosynthetic process by altering the pH of the 
thylakoid lumen, which changes the Δ pH in the proton motive force (pmf) (Markou et al. 
2016). The pmf is created when hydrogen ions (H+) are transferred from the thylakoid lumen 
to the stroma (Fig. 7) (Armbruster et al. 2017). It consists of two components which are vital 
for generating ATP; the Δ pH and the Δ Ψ (membrane potential) across the thylakoid 




Fig. 6. The graphical presentation of the chemical structure of the Mn cluster. The water substrate, W1 forms a 
hydrogen bond with the mutant aspartate D1-D61 protein (left image). The NH3 compound displaces W1 and 
binds to the Mn cluster (right image). The mutant protein of aspartate, D1-D61A forms a non-hydrogen bond 




The Δ pH is essential for ATP generation and cell reactions such as photosynthesis (Kramer 
et al. 2003). For example, the enzymes in the Calvin Benson cycle are pH-dependent (Heldt 
et al. 1973; Werdan et al. 1975). To activate these enzymes; protons are transferred into the 
thylakoid membrane, which increases the pH of the stroma (Höhner et al. 2016).  
The H+ creates a Δ pH between the cytosol (pH 7) and stroma (pH 8) in the chloroplast, 
which must always be actively maintained (Fig. 8) (Höhner et al. 2016). Chloroplasts 
maintain their Δ pH by transporting H+ from the electron transport chain (Höhner et al. 
2016). The other organelles use ATPase (ATP-driven pumps) to transfer H+ to maintain their 
Δ pH (Bassil et al. 2012; Pittman 2012). The pmf is disrupted when NH3 diffuses into 
chloroplasts cells (Belkin and Boussiba 1991; Schuldiner et al.1972; Ioannidis et al. 2012). It 
changes the pH of the thylakoid lumen, which ultimately affects the Δ pH, which could 
potentially inhibit ATP synthesis (Markou et al. 2016). The decrease in ATP generation is 
 
Fig. 7. The illustrated diagram of the processes that create the pmf. The transfer of protons (H+) across 
the thylakoid membrane creates the pmf. The electron transfer in PS II is represented by the black 
arrows. The proton movements which are transferred from the cytochrome bf are represented by the 
red arrows. The protons are transferred from the stroma into the thylakoid lumen. The components 
which are coloured in blue (ion channels and PS I) carry out proton independent electron transfer. The 
ATP synthase complex uses the pmf to phosphorylate ADP to form ATP. The image is was obtained 






due to the change in pmf induced by the disruption of the Δ pH which ultimately inhibit 
photosynthesis (Belkin and Boussiba 1991; Schuldiner et al.1972).  
1.4.3. Trace and heavy metals 
Trace metals are utilised by microalgae cells for cellular functions (Miazek et al. 2015). 
These metals include iron (Fe), copper (Cu), zinc (Zn), cobalt (Co) and manganese (Mn) 
(Miazek et al. 2015; Pinto et al. 2003). In photosynthesis, Cu and Fe are components of the 
photosynthetic electron transport chain (PETC) (Andersen 2005). The metal ion, Zn serves as 
a cofactor in carbonic anhydrase, which is an enzyme responsible for carbon fixation 
(Moroney et al. 2001). Zn is also a component of the enzyme RNA polymerase which 
transcribes DNA (Sunda 2012). While trace metals are essential for microalgal development, 
high concentrations of trace and heavy metals can be detrimental to microalgal cells 
(Andersen 2005; Bothe 2010; Moroney 2001). They can inhibit photosynthesis, cell division 
and enzymatic activity (Monteiro et al. 2012).  
ADEs such as municipal sludge can contain heavy metals which inhibit microalgal growth 
(Dębowski et al. 2017). Heavy metals (HMs) include metals such as mercury (Hg), arsenic 
(As), cadmium (Cd), lead (Pb) and chromium (Cr) which are non-essential for cellular 
functions (Monteiro et al. 2012). For instance, HMs observed in anaerobically digested 
sludge derived from a WWTP in Poland include Cd, Cr, Pb and Hg (Tytła 2019). It contained 
 
Fig. 8. The graphical structure of the chloroplasts which demonstrates the electron transport chain 
and the protein transporters identified in the thylakoid membrane. The diagram shows that the 










high levels of Cr and Pb; 68.3 ± 2.4 mg kg-1 of Cr and 189.2 ± 6.2 mg kg-1 of Pb (Tytła 
2019). In another study, the anaerobically co-digested waste activated sludge derived from a 
local WWTP in Vietnam contained 0.688 ± 0.003 ppm of Pb and 0.467 ± 0.001 ppm of Cr 
(Nguyen et al. 2019). The high levels of HMs can significantly harm microalgal cells (Pinto 
et al. 2003). For example, 2.5 to 5 mg L-1 of Hg induced 100% growth inhibition in Chlorella 
sp. and Scenedesmus acutus (Capolino et al. 1997).  
Heavy metal toxicity is induced by the production of reactive oxygen species (ROS) which 
can severely damage microalgal cells (Halliwell and Gutteridge 1999; Winterbourn 1982). 
ROS are molecules such as superoxide anion (O2-), oxygen (O2), hydrogen peroxide (H2O2) 
and the hydroxyl radical (ȮH) which are produced during aerobic respiration (Halliwell and 
Gutteridge 1999). ROS molecules oxidise proteins, lipids and nucleic acids which causes 
oxidative stress in microalgal cells (Halliwell and Gutteridge 1999). Oxidative stress can 
cause cell deformities and mutations in microalgal cells (Pinto et al. 2003). For example, 
Chlorella sorokiniana developed misshapen chloroplasts when it was exposed to lead 
(Carfagna et al. 2013).  
HMs such as Hg, Cd and Cr (III) decreases the amount of biogas produced from 
anaerobically digested sludge derived from municipal sewage (Abdel-Shafy and Mansour 
2014). The toxicity of the heavy metal decreases the efficiency of the anaerobic digestion 
process by killing the methanogenic and other anaerobic bacteria which produce biogas 
(Cadillo-Quiroz 2006; Selling et al. 2008). In terms of heavy metal toxicity, it was reported 
that Hg more toxic in comparison to Cd and Cr (III) in Abdel-Shafy and Mansour (2014) 
paper.  
1.4.4. pH 
In general, the optimal pH range for most microalgae is ≥ a pH 7 but it can vary according to 
different species (Abdulsada 2014). The pH also affects the chemical composition of the 
DWW, such as the amount of dissolved CO2, oxygen and mineral salts available (Abdulsada 
2014). It can also determine the amount and type of inorganic carbon present in the DWW 
such as the proportion of dissolved bicarbonate ion (HCO3
-) and carbonate ion (CO3
2-) 




organisms (Borowitzka 1998). It also controls the dissociation of different ionic species and 
equilibrium constant within the wastewater (Rubio et al. 1989).  
For instance, the change in pH can determine the distribution and concentration of nutrients 
in the wastewater medium, such NH3 and NH4
+ (Britto and Kronzucker 2002; Eerden 1982). 
Cells can regulate the uptake of  NH4 in contrast to NH3, which can easily phase through cell 
membranes (Markou et al. 2016). The equilibrium constant (pKa) of NH3 and NH4
+
 is 9.25 
(Boussiba and Gibson 1991).  It means the ammonium cation (NH4
+) will form at a pH < 9.25 
while, NH3 in its free gaseous state will most likely form at a pH > 9.25 (Markou et al. 2016).  
The pH level can be controlled based on the amount of  CO2 gas supplied to the microalgae 
culture (Ketife 2017). For instance, a pH value of 9-10 was recorded when 0.038% of CO2 
was supplied to a microalgal culture (Ketife 2017). High pH levels can, however, inhibit the 
enzymatic activity of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) which is a 
key enzyme involved in the CO2 fixation process during photosynthesis in microalgal cells 
(Kajiwara et al. 1997; Sung et al. 1999).  
1.4.5. Irradiance 
Light is an important component for microalgal cells, especially during photosynthesis 
(Abdulsada 2014). The captured light energy is converted into chemical energy such as ATP; 
which is a molecule used for synthesising cells and cell maintenance (Al-Qasmi et al. 2012; 
Abdulsada 2014). It is, however, estimated that only 10% of this captured light energy is 
converted into chemical energy, and the rest is lost as heat (Oswald 1988).  
The wavelength and duration of light are important factors which affect microalgal growth 
(Carvalho et al. 2011). For instance, low amounts of light induce microalgal cells to produce 
more light-capturing pigments and chlorophyll such as phycobiliproteins, primary 
carotenoids chlorophyll a, b and c (Li 2012). The photosynthetic activity and growth of 
microalgal cells are directly correlated to the increase in irradiance until these cells reach the 
maximum photosynthesis rate (Pmax) (Vonshak and Torzillo 2004). Microalgal cells 
experience photoinhibition (PI) induce by high levels of irradiance beyond the Pmax, which 
decreases their photosynthetic activity and cell growth (Rubio et al. 2003). During PI, the 




Microalgae cultivated outdoors are also highly susceptible to photoinhibition regardless of 
the cultivations system due to fluctuating environmental conditions such as light and 
temperature (Moheimani and Borowitzka 2006). The amount of natural light received from 
microalgal cells varies throughout the day, ranging from little to high amounts of sunlight 
(Moheimani and Borowitzka 2006). For instance, during spring and summer seasons in 
Huelva (southern part of Spain); the photosynthetic rate of the microalgal culture was maxed 
in the morning, and experienced photoinhibition in the afternoon (Cuaresma et al. 2011). 
1.5. Conventional microalgae cultivation systems 
There are a range of low-cost and environmentally safe technologies which involve the use of 
microalgae to treat WW such as high rate algal ponds (HRAPs) and wastewater stabilisation 
ponds (WSPs) (Bich et al.1999; Craggs et al. 1997;). These technologies generate fewer 
pollutants such as sludge by-products and require less chemical procedures in comparison to 
other traditional WWTS (Muñoz and Guieysse 2006; Wilkie and Mulbry 2002). These 
systems were designed based on multiple factors such as the microalgae species; their energy, 
nutrient, water requirements, climate, the cost of the labour and land needed to build these 
systems (Borowitzka 1999).  
The most commonly applied systems for microalgae cultivation are liquid-based systems 
which have been studied for over a century (Borowitzka 1999). There are three types of 
liquid cultivation systems; open-air; closed photobioreactors and hybrid cultivation systems 
(Brennan and Owende 2010; Demirbas 2010; Fon et al. 2013; Williams and Laurens 2010).  
1.5.1. Open cultivation systems 
Open ponds are cheap, non-energy intensive, and are feasible to clean and operate such as 
WSPs, HRAPs and raceway ponds (Table 4) (Banerjee et al. 2002; Brennan and Owende 
2010; Scott et al. 2010). The most common open microalgal cultivation systems are raceway 
ponds which have paddle wheels to mix the microalgal culture (Borowitzka 1999; Fon et al. 
2013). There are, however, only a few microalgal species which are capable of growing in 
open ponds due to limiting environmental factors such as available sunlight and ambient 
temperature (Slegers et al. 2013). Raceway ponds can have a depth ranging from 20 to 50 
cm, and it can cover 1 ha of land (Brennan and Owende 2010; Fon et al. 2013). These open 




environmental conditions which can inhibit microalgal growth (Table 4) (Banerjee et al. 
2002; Brennan and Owende 2010; Scott et al. 2010).  
1.5.2. Closed cultivation systems 
Closed microalgal cultivation systems such as photobioreactors were constructed to combat 
most of the issues present in open systems (Wijihastuti 2017). There are various types of 
photobioreactors, such as plate and tubular reactors (Table 4) (Borowitzka 1999). The 
environmental conditions in these systems are easily controlled; generating higher amounts of 
microalgal biomass, and it also reduces the risk of contamination (Table 4) (Fon et al. 2013; 
Scott et al. 2010). The problem with these systems is the high energy requirement and cost 
needed to build and maintain them (Table 4) (Fon et al. 2013; Scott et al. 2010).  
1.5.3. Hybrid cultivation systems 
The third type of system is a hybrid which combines open and closed systems to cultivate 
microalgae (Fon et al. 2013). It is highly cost-efficient as it produces high amounts of 
commercially valuable microalgal biomass (Demirbas 2010; Williams and Laurens 2010). 
High concentrations of microalgal cells are firstly cultivated in a photobioreactor which is 
then transferred into a nutrient-poor open-air pond; the limited amount of nutrients will force 
the microalgal cells to produce higher concentrations of lipids (Brennan and Owende 2010).  
Table 4. The advantages and disadvantages of the current microalgae DWW treatments. 
Treatment Advantages Disadvantages References 
Photobioreactors 
(closed system) 
These include tubular 
reactors and the 
advantages of these 
systems are:  
• Higher microalgae 
biomass and 
productivity 
• High CO2 
sequestration 
• Simple operation 
• Expensive to mass 
culture microalgae 
• Accumulates O2 
• Problems with 
treating acidic 
gasses 
• High maintenance 
and investment costs 







• High removal of 
pollutants 
• No waste 
produced 
• Efficiently control 
nutrient, gas 





• Microalgae are 




• Heat exchange 
system installed in 




• Temperature must 
be maintained which 
is ideal for 
microalgae growth 
(15°C - 30°C)  
• Gas exchange must 
be regulated 
constantly inside the 
tubes of the reactor 
• Circulation speed 
must be regulated so 
that the microalgal 
cells are not 
damaged when it is 
mixed 
• Expensive system to 
build and maintain 
• Must regularly 
maintain the 
intensity of artificial 







et al. 2015 
Waste stabilisation 
ponds (WSP) 
It is a shallow basin 
which contains the raw 




microalgae. There are 
different types of WSP 
such as anaerobic, 
facultative and 
• Requires high 
amounts of sunlight  
• High maintenance- 
malfunctions if it is 
not operated and 
cleaned regularly 
• Generates high 















• Easy to operate 
• Cost-effective  
• Low maintenance  




and pathogens  
High rate algal ponds 
(HRAP)  
HRAP are 
continuously mixed by 
gently stirring the 
microalgae culture. 
The microalgae 
produce oxygen which 
is utilised by the 
bacteria.  
Advantages of this 
system include:   
• 80% of BOD 
removal rate 
• 90% removal rate 
of nitrogen and 
phosphorus  
• Low capital costs 
• Low water 
footprint (if DWW 
is reused) 
• High nutrient 
removal 
• Requires 50 times 
more land area than 
activated sludge 
systems  





• Nutrient limitation 
(i.e. nitrogen) 




grazers and fungal 












et al. 2003; 
Weissman and 
Goebel 1985; 
Park et al. 
2011 
Raceway ponds The pond is built by 
digging two trenches 
in the ground to form a 
rectangular raceway. 
The water flows in a 
circular motion in the 
pond. Advantages 
include:  
• Low costs 
• Large land mass 
required 




• Limited CO2 – 
quickly utilised by 
microalgae 
• No method to 
control changing 




Jin et al. 2006; 
Rosenberg et 
al. 2011; Ono 
and Cuello 






microalgae at a 
fairly large scale 
• Highly efficient 
• No waste 
produced 




• Low microalgae 
productivity 
• Less light 
penetration with 
increasing depth 
• High water 
evapouration  
Farooq et al. 
2015 
 
1.6. The use of microalgal biomass  
The integration of microalgae cultivation in wastewater does not only clean the water, but it 
also produces microalgal biomass which is a highly profitable end-product (Abdulsada 2014). 
The produced biomass can be used for human consumption, cosmetics, aquaculture feed, 
biofertiliser and recombinant proteins (Brennan and Owende 2010; Whitton et al. 2015). 
Some microalgae can produce anticancer substances, antioxidants, including antimicrobial 
and antiviral chemicals (Kay and Barton 1991; Shimizu 1993; Spolaore et al. 2006). It can 
also be used as a potential source of bioenergy (Borowitzka 2013). Microalgae can also 
produce several different active compounds, including polysaccharides, fatty acid, peptides, 
carotenoids, phycobilins and vitamins (Buono et al. 2014).  
These microorganisms also contain a higher amount of protein in comparison to meat and 
soybeans and can be used as an alternative protein substitute (Kay and Barton 1991; Spolaore 
et al. 2006). For instance, microalgal biomass is often combined with other fatty acids to 
create animal feed for fish larvae, shrimp and pets due to its high protein profile 
(Hemaiswarya et al. 2011; Spolaore et al. 2006). It was also observed that the immune 
system and fertility of animals was significantly improved when microalgal biomass was 
added as an additional ingredient in animal feed (Spolaore et al. 2006).  
In relevance to this research, microalgae was cultivated in anaerobically digested piggeries 
effluent (ADPE) as an alternative protein source for pig feed (Moheimani et al. 2018). 
Currently, soybean meal (SBM) is the conventional protein source, which is often used to 
make pig feed, worldwide (Stein et al. 2013). The amount of crude protein and essential 




SBM (Moheimani et al. 2018). The microalgae biomass produced from Moheimani’s et al. 
(2018) study needs to be combined with additional ingredients such as amino acids to meet 
the dietary protein requirement of pigs (Lum et al. 2013).   
1.7. Aims of this study 
This aim of this study was to evaluate the growth of a mixed microalgal consortium 
(Chlorella and Scenedesmus) in anaerobically digested domestic effluent (ADDE) for the 
successful bioremediation of the wastewater and production of microalgae biomass. The 
wastewater was derived from ADS, which was sourced from a local WWTP in Perth. 
Furthermore, as part of this study, different conditions were used to assess specific variables, 
which focused on optimising the growth of the mixed consortium. These parameters include 
biomass productivity, specific growth rate, photosynthetic quantum yield, bacterial growth 
and nutrient removal rates. Additional parameters which were also monitored include pH and 
light intensity. The other focus of this study was to identify and compare the best dilution 
factor that optimises these measured growth parameters in the sand-filtered and unfiltered 
ADDE supernatant. This research will provide valuable information that can contribute to the 




2. Chapter 2: Materials and Methods 
2.1. Preliminary experiment: Characterising the nutrient composition of 
unfiltered and sand-filtered, ADDE supernatant 
2.1.1. Experimental design: 
In this study, the nutrient profile of sand-filtered and unfiltered ADDE was characterised to 
identify the presence of inherent substances in the wastewater, which may have adverse 
effects on microalgal growth. Substances at high concentrations such as heavy metals and 
ammonia inhibits microalgal growth (Markou et al. 2016; Miazek et al. 2015). The 
wastewater used in this study was collected from a local WWTP located at Woodman Point, 
Munster, WA 6166 (32° 08' 52.4"S 115° 46' 23.0"E) in Perth. The ADDE originated from 
anaerobically digested sludge (ADS) which was collected from the anaerobic digestors in the 
treatment plant. These digestors anaerobically digest the excess sludge generated from the 
primary and secondary sedimentation tanks produced at the WWTP. The ADS was composed 
of two parts; liquid (centrate) and solid. These components were separated after passing 
through the dewatering centrifuges at the WWTP. About 60- 90 L of centrate or raw ADDE 
(ADS) was collected in clean 30 L black containers. These containers were stored in the 
facilities available at the Algae and Research Centre (Algae R & D Centre) located at 
Murdoch University (32° 04' 24''S 115°50' 21"E), 90 South Street, Murdoch WA 6150. The 
centrate still contained a high concentration of sediment. In this study, only the liquid form 
(ADDE supernatant) of the raw ADDE which was free of sediment was used.  
2.1.2. Culturing the mixed microalgal culture in ADDE media 
Inoculum cultures of the mixed microalgal consortium were maintained in 2 L glass flasks  
(Fig. 9). The flasks were placed on magnetic stirrers in the culture room of the Algae R & D 
Centre. The temperature of the culture room was constantly kept at 25 °C. The cultures were 
stirred for homogenisation and to ensure that all the microalgal cells were exposed to uniform 
amounts of light. These cultures were exposed to a light intensity of about 50 to 100 µmol 
photon-1 m-2 s-1. 
These cultures were operated as fed-batch cultures; about 50-100 mL of sand-filtered or 
unfiltered ADDE supernatant was fed to these cultures every month. These cultures were fed 




Prior to the commencement of both studies of this research, the cultures were cultivated until 
they had acclimatised to conditions with close to 0 mg L-1 NH3
+-N and reached stationary 
phase. This was to ensure that no additional ammonia was added when the mixed inoculum 
was utilised to create the 
different treatment replicates for 
both studies.  
2.1.3. Characterising the 
wastewater 
The raw ADDE was left 
undisturbed for 24 hours to 
allow all the suspended solids to 
naturally settle to the bottom of 
the 30 L container.  
Approximately 6 L of the 
ADDE supernatant was 
extracted using a 50 mL sterile 
syringe and stored in a clean 30 
L container. The unfiltered, 
ADDE collected was not 
subjected to any other pre-
treatment to remove additional 
solids. For the sand-filtered ADDE supernatant; about 15 L of raw ADDE was filtered 
through a customised sand filter to remove any additional solids. It was then collected and 
stored in a clean container. The design of the sand-filter was based on the design described in 
Ayre (2013) thesis. The unfiltered and filtered wastewater was stored at room temperature in 
the Algae R & D Centre.  
For both studies, the nutrient composition of the unfiltered and sand-filtered ADDE 
supernatant samples was analysed such as the nitrate, nitrite, chemical oxygen demand 
(COD), ammonia and phosphate content. About 100 mL of the unfiltered and sand-filtered 
ADDE supernatant were stored in 50 mL plastic test tubes. For each treatment replicate in 
both studies, 10 mL of the supernatant was collected on days 0, 2, 4, 7, 9, 11, 14 and 16 for 
biochemical characterization. All collected supernatant samples from both studies were 
 
Fig. 9. The mixed microalgal cultures inoculated in sand-filtered 















refrigerated in a 340 L Kelvinator commercial meat freezer at -15 °C. The goal was to 
measure the uptake of nutrients removed by the mixed consortium over time and to evaluate 
the growth of the microalgae in the different treatments.  
The spectrometer model, HI 83099 COD and Multiparameter Photometer (HANNA 
instruments, Melbourne) was used for measuring water chemistry. The COD variable was 
measured using an additional instrument known as a HI 839800 COD reactor (HANNA 
instruments, Melbourne). The chemical reagents and manual guidelines for utilising these 
chemical kits to measure the different nutrient variables were supplied from the HANNA 
instruments manufacturer. 
2.2. First and second study: The growth of microalgae consortium in 
different concentrations of sand-filtered and unfiltered ADDE supernatant 
2.2.1. Experimental objectives: 
Two experimental studies were conducted as part of this project. The first study produced 
pre-liminary results which required further investigation. Another study was conducted and it 
was also the main focus of this research. This aim of the first study was to investigate the 
optimum dilution factor of the unfiltered, non-pretreated ADDE supernatant for the highest 
microalgal biomass growth and nutrient removal efficiency. There were 4 different treatments 
which were created by diluting the unfiltered ADDE supernatant with tap water. The 
supernatant was diluted to create five different dilutions; 25%, 50%, 75% and 100%. These 
dilution treatments were created to reduce the ammonia content of the ADDE supernatant to 
optimise the growth of the mixed microalgal consortium. Filtration methods, such as the 
sand-filtration are usually quite costly and labour-intensive. Cultivating microalgae in 
wastewater which does not require any pre-treatment such as filtration, is much cheaper and 
requires less effort.  
Based on the results of the first study, the best dilutions for optimising the growth of the 
mixed consortium were 25% and 50%. In the second study, the mixed consortium was 
cultivated in 25% and 50% diluted, sand filtered and unfiltered, ADDE supernatant. The aim 
of the second study was to compare the growth of the same mixed microalgal consortium 




The biomass productivity (Pr), specific growth rate (µ), ash-free dry weight (AFDW), 
microalgal cell counts, photosynthetic quantum yield (Fq'/Fm'), pH and light intensity of the 
microalgae cultures grown in different experimental conditions was measured for both 
studies. Furthermore, the population of Escherichia coli (E. coli)/ coliform and aerobic 
bacteria was also monitored in both studies. The duration of both experiments ran for 
approximately one month. All these parameters were measured using the same methodology 
in both studies. These studies were concluded when the microalgal cells reached stationary 
phase (maximum cell growth) or when no visible cell growth was observed. 
2.2.2. Set up of the treatments for the second study 
There were four treatments created for this study which were 25% and 50% of unfiltered 
(UA) and sand filtered, ADDE (SA) supernatant. The dilutions were created based on the 
optimal total ammonia threshold (~ 150 to 300 mg L-1 NH3
+-N) of the mixed consortium 
observed in the first study. The different concentration of ADDE treatments was created by 
diluting the filtered or unfiltered supernatant with the mixed culture inoculum and tap water. 
The cultures were grown in 500 mL glass schott bottles. The total working volume of all the 
cultures was 300 mL. All the treatment replicates were inoculated with 75 mL of the mixed 
microalgal consortium on day 0.  
2.2.3. The construction of a sand-filter and the treatment process of the ADDE media 
The materials and set up of sand filter was built based on the design that was described in 
Ayre (2013) and Collin (2009) work. The procedure that was used to build the sand-filters are 
outlined below (Fig. 10). The sand-filter was back flushed to remove any excess moisture or 
undesired substances present in the filter unit (Collin 2009). About 6 L of raw ADDE was 
passed through the sand-filter six times to back flush the filter. After back flushing, about 15 
L of raw ADDE was passed through the sand filter. The filtered ADDE supernatant was 







Fig. 10. The construction of the sand-filters. The image above are the two sand-filters which were constructed for this research project. The materials that were 




• Two empty 30 L containers were bleached.
• Containers were thoroughly cleaned to ensure that no contaminants 
comes into contact with the wastewater when it is filtered. 
• Containers were washed with tap water to rinse away the excess bleach. 
• Filters were sun dried to remove any excess moisture that remained.
• About 1.5 kg to 2 kg of sand, coarse and fine gravel was used to fill the 
filters.
• Cotton wool was placed on top of the sand and other contents. 
• Coarse gravel was roughly about 3 cm- 4 cm in width and the fine gravel 
was about 2 cm - 3 cm in width. 
• Filters were left to sun dry for a week to ensure no excess tap water 
remained.
• Effluent will be highly diluted if any remaining tap water was present in 

















2.2.4. Pre-combusted filter paper for biomass measurement 
The Whatman GF-C 25 mm filter papers were soaked in DI water for 12 hours prior to pre-
combustion using a 450° furnace. The pre-combusted filters were stored in the desiccator 
prior to use for biomass measurements.  
2.2.5. Biomass productivity (Pr), dry weight, AFDW, cell composition of microalgal cells 
and supernatant samples 
Prior to the filtration of the algae culture, the pre-combusted Whatman GF-C 25mm filter 
papers were individually weighed using the AB135-S/FACT Dual Range Analytical Balance 
measuring scale (METTLER TOLEDO, Switzerland). And were subsequently placed on a 
Millipore filter unit. 2 mL of microalgae culture from each replicate was filtered per filter 
paper.  
For the biomass measurement per treatment replicate, four Whatman GF-C 25mm filter 
papers which contained 2 mL of the culture was collected on days 0, 2, 4, 7, 9, 11, 14 and 16. 
The same volume and number of filter paper replicates was collected for the dry weight and 
AFDW on days 2, 4, 7, 9, 11, 14 and 16 for all treatment replicates. The AFDW was used to 
calculate the Pr for all the treatment replicates. The equation for calculating the dry weight 
and AFDW is shown in equation 1 and 2. The formulas are described in the standard lab 
methods for microalgal cultivation published in Moheimani et al. (2013) book. The AFDW is 
the ash residual of the dried microalgal mass which is left after combustion (Moheimani et al. 
2013). 
Equation 1: Dry microalgal weight (g)= Filter paper & dry microalgal mass (g)– filter 
paper weight (g) 
Equation 2: AFDW (gL-1)= [Dry microalgal weight (g) - filter paper weight (g)] ÷ 2 mL 
microalgal sample per treatment replicate × 1000 
2.2.6. Cell Counts and specific growth rate (µ) 
Chlorella and Scenedesmus sp. are non-motile, single green cells which is an advantageous 





outlined below (Fig. 11). For each treatment replicate, 0.5 mL of culture was placed in a 
Hirschmann Neubauer improved haemocytometer (Hirschmann, Germany) (Fig. 12 a) The 
microalgal culture was left to stand on the haemocytometer for 2 to 5 minutes to allow the 
microalgal cells to settle, which made it easier for counting (Moheimani et al. 2013).  
The haemocytometer has a gird like structure which is made up of 25 individual 1 mm2 
squares which can be seen under the 10× and 40× objective lens (Fig. 12 c) (Moheimani et al. 
2013). It is highly recommended that more than 300 cells are counted for each treatment 
replicate to ensure less than 10% error for cell counts (Moheimani et al. 2013). The Leica 
Laborlux 12 microscope (Leica Microsystems, Australia) was used for cell counting.  
 
Fig. 11. The summarised steps to monitor the microalgal cell growth in the second study. 
 
 
• Microalgal cultures per treatment replicate were placed in 
haemocytometer.
• Haemocytometer coverslip was placed on top of culture in the cell 
counter.
• Cultures were left to stand in haemocytometer for 2 - 5 minutes. 
• Microalgal cultures were viewed under the Leitz Laborlux 12 
microscope using the 40  and 10  objective lens.
• Chlorella and Scenedesmus cells were counted from five randomly 
chosen squares per treatment replicate.
• Cells were counted using a manual cell counter.
• Microscopic videos and images were acquired per treatment 
replicate using the Leica Application suite which has a Leica 
ICC50W camera.
• Image and videos were saved with the date, treatment, replicate 
number and square number.
• Videos and images were taken to observe for protozoa or pathogen 








For the second study, the specific growth rate (µ) was measured on days 0, 2, 4, 7, 9, 11, 14 
and 16. The µ was calculated based on the microalgal cell counts of each treatment replicate 
(Moheimani et al. 2013). The microalgal cultures in the first and second study were grown in 
batch phases. It was observed that the most dominant microalgal species of the mixed 
consortium was Chlorella for all the treatments replicates for 7 days in the second study. The 
number of Scenedesmus cells was close to zero after day 0 of this study.  
The equation which was used to calculate the specific growth rate (µ) of microalgal cultures 
grown in a semi-continuous or batch phase was outlined in Moheimani et al. (2013) 
publication as shown in equation 3 and 4. There are two formulas involved in calculating the 
µ. To obtain the µ, the K’ was calculated first. Similarly, like the Pr calculation; the 
exponential phase (increase in Chlorella cells) was used to determine the µ.  
 
Fig. 12. (a) Aerial photo of the Neubauer haemocytometer slide. (b) Side view of the Neubauer haemocytometer with 
the coverslip positioned in the middle of the haemocytometer. (c) Diagram of the grid which shows the different size 
squares. The image was copied and modified from Moheimani et al. (2013) publication. 
 







𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏 𝟑: 𝑃𝑟𝑏𝑎𝑡𝑐ℎ = 𝜇 
𝑃𝑟𝑏𝑎𝑡𝑐ℎ: 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 𝑏𝑎𝑡𝑐ℎ (𝑙𝑜𝑔𝑚𝑒𝑡𝑟𝑖𝑐 𝑔𝑟𝑜𝑤𝑡ℎ 𝑝ℎ𝑎𝑠𝑒) 
𝜇: 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑟 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 𝑜𝑣𝑒𝑟 𝑡𝑖𝑚𝑒 











𝐾′ = 𝐺𝑟𝑜𝑤𝑡ℎ 𝑟𝑎𝑡𝑒 𝑜𝑣𝑒𝑟 𝑡𝑖𝑚𝑒 
𝑁𝑡1& 𝑁𝑡2 = 𝐶𝑒𝑙𝑙 𝑐𝑜𝑢𝑛𝑡𝑠 𝑜𝑟 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑦𝑖𝑒𝑙𝑑 
𝑡1& 𝑡2 = 𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑁𝑡1& 𝑁𝑡2 
 
2.2.7. Irradiance (µmol photon-1 m-2 s-1)  
The light intensity was measured using the Li-185B quantum meter (LI-COR Biosciences, 
USA) which was equipped with a PAR quantum sensor (Li-190SB (USA)) for all treatment 
replicates. The light diode or Li-190SB (USA) was placed in the middle of each Schott bottle 
during measurement and the bottles were repositioned so all of them received similar 
irradiance (150 -200 µmol photon-1 m-2 s-1 ) for 12 hours.   
2.2.8. pH 
The pH of cultures was monitored using a METTLER-TOLEDO AG standard pH probe 
(METTLER-TOLEDO, Germany). It was calibrated first before any pH readings were 





2.2.9. Photosynthetic efficiency (Fq'/Fm') 
The photosynthetic efficiency ( Fq'/Fm') of microalgal cells was measured using a portable 
AquaPen-C AP 100 fluorometer (Photon Systems Instruments (PSI), Czech Republic). It was 
only measured twice a week. The Fq'/Fm' value for most microalgal culture ranges from 0 to 
0.7. The Fq'/Fm' value indicates if the culture was stressed due to environmental conditions 
such as nutrient limitation (White et al. 2011).  Fq'/Fm' values < 0.5 has been reported to 
indicate unfavourable growth or stress conditions experienced by the algal cultures (Gupta et 
al. 2016). The fluorometer was set to obtain Fq'/Fm' values from microalgal cultures by 
exposing the samples to red light (650 nm). Red light is the preferred source of light for most 
green microalgae (Chlorophytes) and plants due to the primary pigments they contain 
(Takaichi 2011; Schulze et al. 2014).  
2.2.10. Heavy metal analysis 
For the heavy metal analysis, approximately 200 mL of the unfiltered ADDE supernatant was 
collected and sent to the Marine & Freshwater Research Laboratory (MAFRL), Murdoch 
University for measurement. It was tested for five different heavy metals; chromium (Cr), 
cadmium (Cd), arsenic (As), mercury (Hg) and lead (Pb). The biomass content and the 
supernatant samples were collected on days zero and seven from the 50% UA treatment 
replicates. These samples were send to MAFRL to test only for Cr, As and Cd. These three 
heavy metals were only tested as they were the most abundant metals observed in the 
unfiltered, ADDE supernatant on day zero. These heavy metals was characterised in both 
studies due to their high toxicity to humans and microalgae in high doses such as Cd, Cr, Cu, 
Hg, Pb, and Zn, which are commonly present in water sources such as anaerobically digested 
sewage sludge (Kumar et al. 2015; Marchioretto 2003; Miazek et al. 2015; Tchounwou et al. 
2012).  
These metals were also the most abundant in the wastewater based on the data provided by 
the Water Cooperation. The data indicated the types of metal ions that were present in 
different types of wastewater generated and treated at the Woodman Point WWTP. The 





13). The procedure followed by MAFRL to analyse Hg was different from the procedure 
used to measure the other heavy metals (Fig. 14).  
  
 
Fig. 13. A brief methodology for measuring dissolved concentration of heavy metals except mercury (methods 





• Total dissolved concentration of all the heavy metals except mercury (Hg) 
are measured in mgL-1. 
• Analysed using the Agilent 7700x Inductively coupled plasma mass 
spectrometer (ICP-MS) 
• Sample solution (ADDE supernatant) were placed into the ICP-MS as an 
aerosol through the pneumatic nebulizer. 
• Nebulizer contains a high velocity argon gas stream which disperses the 
sample solution into very fine droplets. 
• Heat energy of the plasma gas excites the atoms and ions present in the 
sample solution.
• Ions transmitted to the spectrometer are separated by their mass to 
charge ratio
• Electron multiplier detects the ions present. 
• Detected ions of heavy metals except Hg indicate the concentration of 









2.2.11. Coliform, E.coli and aerobic bacterial cell counts 
The total aerobic bacteria evaluation was performed in a sterilised environment in the laminar 
flow cabinet which was cleaned with 70% ethanol. The Bunsen burner was constantly keep 
lit to sterilise the workstation and kill any contaminants present in the air. The supernatant 
samples for all treatment replicates were diluted by 10-2 to 10-4 fold for both the aerobic and 
E. coli/Coliform count plates. The samples were placed on the bacterial count plates using 
autoclaved pipette tips. For this methodology, the filtered and unfiltered ADDE supernatant 
samples were diluted using autoclaved tap water. The tap water was tested for bacterial 
 
Fig. 14. Summarised methods for measuring dissolved concentration of mercury (methods were developed by Murdoch 




• Agilent 720 Inductively coupled plasma atomic emission spectrometer 
(ICP-AES) which contains a Vapour Generation Accessory (VGA) was 
used to measure the total dissolved concentration of Hg (mgL-1).
• To do this all the Hg species must be converted into Hg (II) species. 
• All forms of mercury were oxidised into Hg (II) by using potassium 
permanganate, potassium persulfate, and heat. 
• Hg (II) species was converted into the gaseous form (Hg0). 
• Hg vapour was separated from the sample solution in a gas liquid 
separator.
• Gaseous Hg was then transferred to the plasma of the ICP-AES. 
• Heat energy of the plasma gas excites the Hg0 atoms. 
• Light is emitted when these atoms return from their excited state. 
• Light intensity produced from these atoms indicate the number of Hg 
atoms present.









contamination. About 0.5 - 1 mL of the autoclaved tap water was placed on aerobic and E. 
coli/Coliform count plates which were incubated for 2 days. There were no observed signs of 
bacterial growth on the aerobic and E. coli/Coliform count plates. 
The bacterial test kits which were used are the 3M TM PetrifilmTM aerobic and E. 
coli/Coliform count (3M Australia, WA) plates. The instructions guide for counting the 
aerobic, E.coli and coliform bacterial cells as outlined in the manual guides provided by the 
3M Australia manufacturer. There were some modifications which are outlined in the flow 
chart and are also described here (Fig. 16).  
The average number of colonies was calculated by counting one or more representative 
squares per bacterial plate (Fig. 15). The circular area of aerobic, coliform and E.coli bacteria 
growth on these count plates was approximately 20 cm2. There are 20 squares in total per 
bacterial cell kit, and each square was approximately 1 cm2 (Fig. 15). The total number of 
bacteria was recorded as too numerous to count (TNTC) when the count plate was 
overpopulated with bacterial 
cells. The average bacterial 
cell count was obtained by 
counting all the aerobic, 
E.coli or coliform bacteria in 
one square, which was 
multiplied by 20. For 
instance, if one square 
contained a total coliform 
bacterial count of 12 (Fig. 
15). The average number of 
bacterial colonies grown in 
one treatment replicate was 
12 coliform bacterial 
colonies in 1 cm2 square × 20 
squares = 240 CFU mL-1 of 
total coliform bacteria. The 
 
Fig. 15. Estimated E.coli and coliform bacteria count grown on the 
3MTM PetrifilmTM  E. coli/Coliform count plate. The total number of 








calculation for determining the total bacterial cell concentration (CFU mL-1) is demonstrated 
in equation 5: 
Equation 5: 
𝑇𝑜𝑡𝑎𝑙 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 (𝐶𝐹𝑈 𝑚𝐿−1) =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 ×  𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 𝑝𝑙𝑎𝑡𝑒
 




2.2.12. Data analysis 
The statistical test that was performed on these parameters measured in the first and second 
study was a two-way analysis of variance (ANOVA) or the same analysis but for repeated 
 





• 1 mL of the diluted sample per treatment replicate was placed 
in the center of the aerobic count plate. 
• Sample was spread on the aerobic plate using a spreader 
provided by the 3M manufacturer. 
• Only 0.5 mL of the same diluted samples was placed in the 
center of the E. coli/Coliform count plates. 
• Sample was gently distributed over the E. coli/Coliform count 
plates by using the tip of the index finger instead of the 
spreader. 
• All bacterial count plates were incubated at 37  C for two 
days. 
• Bacterial colonies were counted manually using a cell counter. 
• Used bacterial cell kits were stored in an autoclave paper bag 








measures using a p-value of 0.05 or α = 5% (significance level) which was analysed using the 
data software SigmaPlot (Version 14). This analysis compares the differences of means 
between groups which are separated into two independent variables. This analysis was 
utilised to show if an interaction exists between the two independent variables on the 
dependent variable.  
For this study, the first independent variable was if the ADDE supernatant was subjected to 
filtration. The second independent variable was the dilution factors (25% and 50%) of the 
sand-filtered (SA) and unfiltered, ADDE (UA) supernatant. The dependant variables such as 
the mean biomass productivity (Pr), specific growth rate (µ) and all the nutrient removal rates 
were analysed using a two-way ANOVA.  
The other dependant factors such as the pH, light intensity, aerobic bacteria counts and Fm'/ 
Fq' were analysed using a two-way ANOVA with repeated measures. This analysis observes 
the interaction between the means of the dependent variable which were measured repeatedly 
over time (days). The independent variables for the repeated measures analysis was also the 
same (wastewater filtration and dilution factors) as the two-way ANOVA test. The null 
hypothesis was rejected if the p-value produced from the two-way ANOVA test with or 
without the repeated measures was < α = 0.05. The null (H0) and alternate hypothesis (H1) of 
this statistical analysis are stated below. The H0 states that the means of the dependant 
variables are equal.  
H0: µ1= µ2= µ3=… µk; where µ stands for the mean of a variable and k stands for the number 
of related groups. 
H1: The alternate hypothesis states there are statistical differences between the mean 
variables. 
To conduct a two-way ANOVA analysis; there are a few important statistical assumptions 
that the data must possess. The dependent variable must be continuous. The independent 
variable needs to have more than two independent, categorical groups. The other assumption 





Finally, the data must be normally distributed and possess equal variance for each 
combination of the groups of the two independent variables. The most common pairwise test 
which was utilised was to test for significant differences between the data was the Holm-
Sidak test in SigmaPlot (Version 14). The same statistical assumptions were also applied in 





3. Chapter 3: Results 
3.1. The growth of microalgal cultures in study 1 and 2 
The table below describes the mean biomass productivity (Pr), specific growth rate (µ), 
including the ammonia and phosphate removal rate for two different studies (Table 5). It also 
indicates the total ammonia concentration measured on day zero for each treatment in studies 
1 and 2 (Table 5). The first study, which was conducted by Kwambai (2019), investigated the 
growth of the mixed consortium (Chlorella and Scenedesmus species), including the growth 
of two microalgal monocultures (Chlorella and Scenedesmus species) in undiluted, sand-
filtered ADDE supernatant (Table 5). The second study investigated the growth of the same 
mixed consortium used in study 1, but it was cultured in different dilutions (25%, 50%, 75% 
and 100%) of the unfiltered, ADDE supernatant (Table 5).  
It was observed that the mixed consortium and Chlorella monoculture was the most tolerant 
to higher ammonia concentrations when compared to the Scenedesmus monoculture and the 
mixed consortium in study 1 (Kwambai 2019). The Chlorella monoculture possessed the 
highest ammonia removal rate of 14 ± 5 mg L-1 d-1 NH3
+-N (Kwambai 2019). While, the 
phosphate removal rates between the three different culture treatments in this study were not 
statistically different (Kwambai 2019). The highest mean biomass productivity (Pr= 0.07 ± 
0.01 g L-1 d-1) and specific growth rate (µ= 0.21 ± 0.01 mg L-1 d-1) in study 1 was, however, 
observed in the mixed consortium when compared to the monocultures (Table 5). 
While in study 2, the 100% ADDE treatment had the highest ammonia removal rate, which 
was 161 ± 7 mg L-1 d-1 NH3
+-N (Table 5). The 75% ADDE treatment from the same study 
possessed the highest phosphate removal rate which was 44 ± 23 mg L-1 d-1 PO4
3- (Table 5). 
The mean Pr observed in all the different treatments in study 2 were the same (0.1 ± 0.02 g L-
1 d-1) (Table 5). The mixed consortium in this study, however, produced a higher mean µ in 
the 25% and 50% ADDE dilutions of 11-12 Chlorella cells d-1 (Table 5).   
The studies 1 and 2, demonstrated that the cultivation of the mixed consortium in undiluted, 
sand-filtered, and higher dilutions of the unfiltered, ADDE supernatant was the most 





mean µ in higher dilutions of the supernatant in study 2. The mixed consortium in study 2 
achieved a higher mean µ in higher dilutions of the supernatant due to low ammonia levels. 
Therefore, the optimal total ammonia concentration observed in study 2 of the mixed 
consortium ranged from about 50 to 260 mg L-1 NH3
+-N (Fig. 17).  
Based on the results of study 2, the cultures in the second part of this research was cultivated 
in same supernatant with total ammonia concentrations like the 25% and 50% ADDE 
dilutions (150 and 300 mg L-1 NH3
+-N) (Fig. 17). This study also compared the growth of the 
same mixed consortium in the 
sand-filtered, ADDE supernatant 
(SA) (Fig. 17). This component 
was added to this study as 
Kwambai (2019) research 
demonstrated that the same mixed 
consortium could be cultivated in 
the sand-filtered, ADDE 
supernatant. The filtered 
supernatant in study 1 possessed 
similar total ammonia 
concentrations to the values of 
75% and 100% ADDE dilutions 
in study 2 (Table 5). It was 
expected that the mixed 
consortium would reach 
exponential phase faster and 
maintain this phase for longer 
periods of time in the filtered 
supernatant in comparison to the 
unfiltered supernatant.  
 
Fig. 17. Flow chart illustrating the different treatments of the first 
and second study conducted for this research project. The ticks in 
the top image indicate successful growth of the mixed microalgal 
culture. The abbreviation ADDE stands for unfiltered, ADDE 








Table 5. Growth performance of the mixed and monocultures microalgae cultures in different concentrations of ADDE 
supernatant. The first study which was conducted by Kwambai (2019) cultivated the mixed culture, including 
monocultures of Chlorella and Scenedesmus in the undiluted, sand-filtered ADDE supernatant. The other study which 
was part of this work evaluated the growth of the same mixed consortium in different dilutions of the same unfiltered, 
ADDE supernatant. The bolded and number of + signs indicate the growth performance of the microalgae cultures 
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3.2. Chemical profile of the sand-filtered and unfiltered, ADDE 
supernatant 
 
Overall, the unfiltered supernatant had higher concentrations of ammonia, nitrite and 
phosphate in comparison to the filtered supernatant. The ammonia content of the unfiltered 
supernatant was about 50% higher than the filtered supernatant (Fig. 18). It also had a 
phosphate content which was 80% higher than the filtered supernatant (Fig. 18). The nitrite 
concentration was 100% higher than the filtered supernatant (Fig. 18). The nitrate content of 
the filtered supernatant was, however, 91% higher than the unfiltered supernatant (Fig. 18).  
The COD levels of the filtered and unfiltered supernatant were relatively similar; the COD 
content of the unfiltered supernatant was only 2.5% higher than the filtered supernatant (Fig. 
18).   
 
Fig. 18. The chemical composition of the sand-filtered and unfiltered ADDE supernatant sampled on 










































3.3. Growth pattern of all treatments 
3.3.1. Bacterial cell counts 
The mean aerobic bacterial counts for all treatments passed the normal distribution test but 
failed the equal variance test. There was no statistical difference observed between the mean 
aerobic bacterial counts between different dilution factors (p-value= 0.88 > α = 0.05) and 
wastewater filtration (p-value= 0.96 > α = 0.05). The null hypothesis was accepted.  
There was an increase in aerobic bacterial counts for all treatments observed from day 0 to 1 
except in the 50% UA treatment (Fig. 19). The number of aerobic bacteria in this treatment 
decreased by 12% from day 0 to 1 (Fig. 19). The aerobic cell counts, however, in the 25% 
SA, 50% SA and 25% UA increased by 50%, 32% and 24%, respectively from day 0 to 1 
(Fig. 19). The aerobic cell numbers also 
increased in all the treatments from day 1 
to 3. For instance, there was 46% and 
50% more aerobic bacteria in the 25% 
SA and 50% SA treatments (Fig. 19). In 
the 25% UA and 50% UA treatments, 
there was 40% and 47% more aerobic 
bacteria (Fig. 19). 
No coliform and  E.coli bacteria were 
observed in all the treatment replicates; 
these microbes were potentially 
eliminated by the anaerobic digestion 
procedure which occurs during WWT 
process at the WWTP. There was a 
separate control which was conducted to 
investigate if just the unfiltered, ADDE 
supernatant (without any microalgal 
inoculation) contained any coliform and 
E. coli bacteria. No coliform and E. coli microbes was observed in the raw ADDE (Fig. 19).  
 
Fig. 19. The duplicates of the unfiltered, ADDE 
supernatant inoculated on the 3MTM PetrifilmTM  E. 
coli/Coliform count plates. The top two count plate 
duplicates contain supernatant was diluted by 10-2 fold. 
The bottom two duplicates contain the supernatant was 







3.3.2. Microalgal cell counts 
There was no more Scenedesmus cells observed in the 25% UA and 50% UA treatments after 
2 days. While, the growth of the Scenedesmus species in the 25% SA and 50% SA treatments 
was much less; the maximum production of Scenedesmus cells was 105 fold. The most 
dominant cells in all treatments were the Chlorella species which produced cells by 107 to 108 
fold within one week. It was why, the growth pattern of Chlorella cells in all treatments will 
be discussed here, instead of the Scenedesmus cells. The mean Chlorella cell counts for all 
treatments passed the normal distribution test but failed the equal variance test. There was no 
statistical difference observed between the mean Chlorella cell counts between different 
dilution factors (p-value= 0.69 > α = 0.05) and wastewater filtration (p-value= 0.47 > α = 
0.05). The null hypothesis was accepted.  
The exponential phase for the 25% UA and 50% UA treatment was observed between days 2 
to 4 before both treatments reached lag phase, which was observed during days 4 to 7 (Fig. 
20). The cell death phase observed in the 25%UA and 50% UA treatments occurred after one 
week. For instance, in the 25% UA treatment, there was 8.82 × 107 ± 1.80× 107 Chlorella 
 
Fig. 20. Microscopic cell images acquired from one of the replicates from the 25% UA treatment 
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cells on day 7, which decreased to 3.17 × 107 ± 8.47 × 106 Chlorella cells towards the end of 
the study (day 16) (Fig. 22).  
While, the exponential phase in the 50% SA treatment was observed much later between days 
4 to 7 (Fig. 22). The cell death phase in the 50% SA treatment started after one week; 5.06 
×107 ± 9.39 × 106 Chlorella cells (day 7) decreased to 7.64× 106 ± 3.15× 106 Chlorella cells 
(day 11) (Fig. 22). The 25% SA treatment seemed to possess an extensive lag phase period 
which lasted from day 7 till day 16 (Fig. 22). No definite cell death phase was observed in 
this treatment since the number of Chlorella cells increased from 7.14 × 107 ± 2.73 × 106  on 
day 7 to 8.71×107 ±1 .19 ×107 after 16 days (Fig. 22). 
Some of the treatments such as the 25% UA treatment was invaded by an unidentified, 
foreign microorganism that had similar morphological features to a Chlorella cell (Fig. 21). 
After three months of cultivation, most microalgal cultures are typically dominated by other 
undesired zooplankton and microalgal species (Park et al. 2011). The second study was 
conducted for about 2 weeks, which was almost a month before it was terminated.  
 
Fig. 21. Protozoa contamination and other unidentified microorganisms were observed in 












3.3.3. Effective quantum yield (Fq'/Fm') 
The mean Fq'/Fm' for all treatments failed both the normal distribution and equal variance test. 
There was no statistical difference observed between the mean Fq'/Fm' between different 
dilution factors and wastewater filtration (p-value= 1 > α = 0.05). The null hypothesis was 
accepted. The mean Fq'/Fm' for all treatments was the highest for all treatments on day zero, 
ranging from 0.5 to 0.6 (Fig. 23). The mean Fq'/Fm' for all treatments then significantly 
decreased after eight days ranging from 0.35 - 0.45 (Fig. 23). The mean Fq'/Fm' for all 
treatments after 16 days stayed within the same range (0.35 - 0.45) (Fig. 23). The Fq'/Fm' 
values observed in all the treatments were less than 0.5 after 8 days, which indicates that the 
microalgal cells were physiologically stressed (Gupta et al. 2016).  
3.3.4. pH 
The mean pH values measured in the morning and at the afternoon for all treatments failed 
both the normal distribution and equal variance test. There was no statistical difference 
observed between the mean pH values measured at 9.30 am and 4.30 pm between different 
dilution factors and wastewater filtration (p-value= 1 > α = 0.05). The null hypothesis was 
accepted. The trend for the pH values for different treatments measured in the morning and 
afternoon on the same sampling day was very similar (Fig. 23). For instance, the pH value of 
the 25% UA treatment in the morning and in afternoon was the same (~ 5.8 pH) on day three 
(Fig. 23). 
3.3.5. Biomass productivity (Pr) and specific growth rate (µ)  
The mean biomass productivities for all treatments failed the normal distribution test but 
passed the equal variance test. The p-value produced from the mean biomass was greater than 
α = 0.05. There was no statistical difference observed between the mean biomass 
productivities between different dilution factors and wastewater filtration (p-value= 1 > α = 
0.05). The null hypothesis was accepted. All the other treatments except the 25% SA 
treatment had a mean Pr ranging from 0.10 to 0.14 g L-1 d-1 (Fig. 24). The 25% SA treatment 





The mean specific growth (µ) rates for all treatments also failed the normal distribution test 
but passed the equal variance test. There was also no statistical difference between the mean 
specific growth rates between different dilution factors (p-value= 0.771 > α = 0.05) and 
wastewater filtration (p-value= 0.611 > α = 0.05). The null hypothesis was accepted. The 
50% UA treatment, however, produced the highest average µ of 1.44 ± 0.06 Chlorella cells 
day-1 (d-1) in comparison to the other treatments (Fig. 24). The mean µ of the other treatments 








Fig. 22. The mean number of aerobic bacteria (figures on the left) and mean number of microalgal cells, including protozoa, and other 




















Fig. 24. The average biomass productivity (Pr) and specific growth rate (µ) of all treatments of the second study. 
The error bars were plotted from the calculated standard error for each treatment. The bars with the same letter 















3.4. The nutrient removal rate of the mixed consortium 
3.4.1. Phosphate removal rate  
The mean phosphate removal rates for all treatments failed the normal distribution test but 
passed the equal variance test. There was no statistical difference observed between the mean 
phosphate removal rates between different dilution factors (p-value= 0.06 > α = 0.05) and 
wastewater filtration (p-value= 0.09 > α = 0.05). The null hypothesis was accepted. The mean 
phosphate removal rates for the all the treatments were relatively similar; ranging from 20 to 
40 mg L-1 d-1 PO4 
3- except the 25% SA treatment, which had 0% phosphate removal rate 
(Fig. 25).  
3.4.2. Ammonia removal rate 
The mean ammonia removal rates for all treatments failed the normal distribution test but 
passed the equal variance test. There was no statistical difference observed between the mean 
ammonia removal rates between different dilution factors (p-value= 0.43 > α = 0.05) and 
wastewater filtration (p-value= 0.49 > α = 0.05). The null hypothesis was accepted. It was 
observed that the 50% UA treatment (93 ± 8 mg L-1 d-1 NH3
+-N) had the highest ammonia 
removal rate, which was 89 - 99 mg L-1 higher in comparison to the other treatments (Fig. 
25). 
3.4.3. Nitrite removal rate 
The mean nitrite removal rates for all treatments passed the normal distribution test but failed 
the equal variance test. There was no statistical difference observed between the mean nitrite 
removal rates between different dilution factors (p-value= 0.41 > α = 0.05) and wastewater 
filtration (p-value= 0.39 > α = 0.05). The null hypothesis was accepted. It was observed that 
the 50% UA treatment removed about 263 ± 69 mg L-1 d-1 NO2
- -N, which was more than a 
100 mg L-1 d-1 in comparison to the other treatments (Fig. 25). 
3.4.4. Nitrate removal rate 
The mean nitrate removal rates for all treatments failed the normal distribution test but passed 
the equal variance test. There was no statistical difference observed between the mean nitrate 





filtration (p-value= 0.53 > α = 0.05). The null hypothesis was accepted. The nitrate removal 
rate of the 50% UA treatment (77 ± 7.1 mg L-1 d-1 NO3
--N), which was 60 - 70 mg L-1 d-1 
higher in comparison to other treatments (Fig. 25). 
3.4.5. COD removal rate 
The mean COD removal rates for all treatments failed the normal distribution test but passed 
the equal variance test. There was no statistical difference observed between the mean COD 
removal rates between different dilution factors (p-value= 0.41 > α = 0.05) and wastewater 
filtration (p-value= 0.67 > α = 0.05). The null hypothesis was accepted. It was observed that 
the 50% UA treatment had the highest COD removal rate of 122 ± 45 mg L-1 d-1 COD which 







Fig. 25. The average total nutrient removal rate of the mixed consortium of the second 
study. Positive readings indicate nutrient removal and negative readings indicate an 
increase in nutrient content. The error bars were plotted from the standard error calculated 
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3.4.6. Heavy metal analysis  
It was observed that the arsenic concentration observed in the undiluted, ADDE supernatant 
was 98% higher than the reported limit for this heavy metal (Table 6). The cadmium content 
in the same undiluted, supernatant was 98% higher than the reported limit (Table 6). The 
chromium content in the same undiluted supernatant was 83% higher than the reported limit 
while, the concentration of mercury and lead did not exceed the reported limit (Table 6). It 
was important to note that the reported limit is the minimum concentration that the heavy 
metal tests conducted by MAFRL can read. If the amount of a specific heavy metal was 
lower than its reported limit; it was reported as the result like the lead and mercury readings 
in supernatant sampled on day 0 (Table 6). 
Since these heavy metals (As, Cd and Cr) exceeded the reported limit, they were analysed 
from the supernatant collected from the 50% UA treatment on day 0 and 7.  These heavy 
metals were also tested in the microalgal biomass produced on day 7 from the same 
treatment. This treatment was specifically tested as it produced the highest mean µ of 1.44 ± 
0.06 Chlorella cells d-1 which was statistically higher in comparison to the other treatments 
(Fig. 24). The mean µ of this treatment was ~ 47.2% higher in contrast than the average µ of 
other treatments.  
The initial concentration of heavy metals (As, Cd and Cr) in the 50% UA treatment on day 0 
was similar to that of the raw ADDE (Table 6). The concentration of Cr, As and Cd in the 
treated wastewater on day 7 was 25% and 21% less than the initial Cr, As and Cd 
concentration on day 0 (Table 6). The concentration of these metals, however, were 
detectable, and they were still higher than the reported limit for these metals (Table 6). There 
were high levels of Cr and Cd observed in the microalgal biomass in comparison to As (Table 
6). The reduction of these metals in the ADDE supernatant on day 7 except As was due to 





Table 6. The heavy metal content measured in the undiluted, ADDE supernatant, including the ADDE 
supernatant from the 50% UA treatment. The heavy metal concentration of the microalgal biomass cultivated in 
the 50% UA treatment was also analysed. The ⎯ signs indicate that the heavy metal for the measured sample 
was not analysed. The analysis for these samples were conducted by MAFRL. 
Heavy metals  Reported 
limits of 
heavy metals 















7) (µg L-1) 
Microalgal 
biomass from 
the 50% UA 
treatment (day 
7) (mg kg-1) 
Chromium (Cr)  < 0.2 1.2 1.2 0.3 ± 0.06 6 ± 0.93 
Arsenic (As) < 0.5 43 42 9.2 ± 2.46 4 ± 0.21 
Cadmium (Cd) < 0.1 2.2 1.4 0.3 ± 0.07 12 ± 0.48 
Lead (Pb) < 0.1 <0.1 ⎯ ⎯ ⎯ 





4. Chapter 4: Discussion 
4.1. Wastewater composition of other studies 
For this study, it was observed that the unfiltered, ADDE supernatant contained higher 
concentrations of ammonia, nitrite and phosphate in contrast to the filtered supernatant. The 
unfiltered, supernatant possessed an ammonia content, which was 50% higher than the 
filtered, supernatant (Fig. 18). The phosphate content of the unfiltered, supernatant was 80% 
higher than the filtered, supernatant (Fig. 18). The unfiltered supernatant, however, had a 
nitrite content that was 100% higher than the filtered supernatant (Fig. 18). The nitrate 
content of the filtered supernatant was 91% higher than the unfiltered supernatant (Fig. 18). 
The COD levels of the unfiltered, supernatant and filtered supernatant were relatively similar 
(Fig. 18). The potential reason that the filtered supernatant contains low levels of ammonia 
and phosphate may be due to the removal of the suspended solids during sand-filtration.  
In other studies, the nutrient composition of other ADEs (Table 7) was found to differ to the 
ADDE supernatant that was utilised in this study. For instance, the ammonia content of the 
sand-filtered ADDE from Kwambai (2019) study was similar to the unfiltered, ADDE 
supernatant in this research (> 500 mg L-1 NH3-N). Nevertheless, the ammonia concentration 
in the effluent significantly decreased post sand filtration (< 300 mg L-1 NH3-N).  
Other non-pre-treated ADEs, derived from human waste such as kitchen waste and primary 
treated municipal wastewater had an ammonia content that was about 50% higher than the 
unfiltered, ADDE supernatant (Table 7) (Zhang et al. 2018; Zuliani et al. 2016). While ADEs 
derived from animal waste such as the piggeries and dairy manure possess an ammonia 
content, which was about 75% higher than the unfiltered, ADDE supernatant (Table 7) 
(Moheimani et al. 2018; Wang et al. 2010). The ammonia concentration of the other ADEs 
from other studies except for the effluent from Kwambai (2019)’s research was roughly 50% 
or 75% higher than the ADDE supernatant.  
The phosphate content of the unfiltered supernatant of this study was higher than the 
phosphate content of other ADEs (Table 7). For instance, the phosphate content of the 





ADDE and anaerobic primary treated effluent (dB) (Table 7). Based on the nitrate and nitrite 
readings reported from other studies, these values should be relatively low (Table 7). For 
instance, the nitrate content of all the ADEs, including the unfiltered, ADDE supernatant of 
this study was less than 20 mg L-1  NO3
--N or close to zero (Table 7). While the nitrate 
content of the sand-filtered, ADDE supernatant in this research was, however, more than 100 
mg L-1  NO3
--N. The reason for the high nitrate content may be due to the nitrification 
processes carried out by nitrifying bacteria (Pajares and Bohannan 2016). The nitrite content 
of the unfiltered, ADDE supernatant (300 mg L-1 NO2
--N) in this study, was also much higher 
than other ADEs (Table 7). For example, the nitrite in the sand-filtered, ADPE and ADDE 
reported in Moheimani et al. (2018) and Kwambai (2019) studies were close to zero (Table 
7).   
The COD concentrations of the filtered and unfiltered supernatant of this study was like the 
COD values observed in ADPE (Table 7). While the COD concentrations of the sand-filtered, 
ADDE and ADE-KW were respectively, 62% and 81% higher than average COD content of 
the unfiltered, and filtered supernatant of this research (Table 7). The COD contents in some 
ADEs derived from animal waste such as the dB and anaerobically digested dairy manure 
was respectively, 98% and 95% higher than the average  COD content of the filtered and 





Table 7. The nutrient profile of various anaerobically digested effluents and wastewaters. The dashed line (⎯) symbol indicate the parameter that was not measured in the 
respective study. 
Ammonia Phosphate Nitrate Nitrite COD Wastewater type Additional comments Reference 
1172.38 ± 
25 mg L-1 
NH3-N 
⎯ 0.24 ± 0.02 
mg L-1 NO3--
N 
⎯ 6096 ± 34 mg 
L-1 COD 
Anaerobically digested 
effluent derived from 
kitchen waste (ADE-KW) 
The total nitrogen and organic 
carbon (TOC) of ADE-KW was 
1280.97 ± 20 mg L-1 TN and 
3761.55 mg L-1 TOC.  The total 
phosphorus (TP) of this effluent 
was 11.69 ± 0.1 mg L-1 TP and 
the pH was 8.31 ± 0.1.  
Zhang et al. 
(2018) 
960 - 1000 
mg L-1 NH4-
N 
25.0 - 26.5 
mg L-1 PO43- 
-P 
14.0 -14.5 mg 
L-1  NO3--N 
8.0 - 8.5 μg L-1 
NO2--N 
1200 -1350 mg 
L-1 COD  
Sand-filtered and 
undiluted anaerobically 
digested piggeries effluent 
(ADPE) 
The total nitrogen amount of 
ADPE was 1050–1101 mg L-1 N.  
Moheimani 





2232 mg L-1 
NH3-N 
249.7 mg L-1 
PO43- 




The total nitrogen of the dairy 
manure was 3456 mg L-1 N.  
Wang et al. 
(2010)  
1450 ± 65 
mg L-1 NH3-
N 
30.5 ± 5.2 
mg L-1 PO43-  
⎯ ⎯ 18 ± 4 g L-1 
COD 
Anaerobically digested 
primary treated effluent 
and activated waste 
sludge (dB) derived from 
municipal wastewater  
The total nitrogen and 
phosphorus of dB was 2750 ± 
112 mg L-1 N and 480 ± 44 mg 
L-1 N. It also had a pH of 7.9 ± 
0.2.  
Zuliani et al. 
(2016) 
560 ± 77 mg 
L-1 NH3-N 
60 ± 10 mg 
L-1 PO43- 




domestic effluent (ADDE) 
The pH of the filtered ADDE 








4.2. Biomass productivity (Pr) 
The most dominant microalgal species observed in this second study was Chlorella. A similar 
result was also reported in Kwambai (2019) research, where 70% of the cultures were also 
dominated by Chlorella cells. These cultures  were dominated by Chlorella as they are the 
most tolerant to high levels of ammonia (Klochenko et al. 2003; Källqvist and Svenson 2003; 
Wang et al. 2010). For instance, Chlorella was the most dominant microalgal species 
observed in a study, which initially cultivated a mixed microalgal consortium (Chlorella and 
Scenedesmus species) in ADPE (Ayre et al. 2017). It was able to tolerate total ammonia 
concentrations of about 800-1600 mg L-1 NH4
+-N in undiluted, sand-filtered ADPE (Ayre et 
al. 2017). 
The analysis conducted on the mean Pr values in this study, indicated that no statistical 
difference existed between these variables from different treatments. While other studies, 
such as Kwambai (2019) research demonstrated that the mixed consortium culture had the 
highest mean Pr of 0.074 ± 0.009 mg L-1 d-1 when compared to the monocultures of 
Chlorella and Scenedesmus. The ammonia removal observed in Kwambai (2019) study was 
directly proportional to the biomass productivity for all treatments, which indicates that a 
significant amount of ammonia was utilised for microalgal growth (Nwoba et al. 2017).  
The average Pr (0.10 mg L-1 d-1) of this second study was, however, approximately 99% 
higher than the mean Pr of the mixed consortium reported in Kwambai (2019) study (Table  
5). It may due to filtered and unfiltered wastewater which were highly diluted (25% and 50%) 
to achieve total ammonia concentrations of 150 or 300 mg L-1 NH3
+-N. In comparison to 
sand-filtered, wastewater utilised in Kwambai (2019) study, which was undiluted and 
possessed a total ammonia content of 560 ± 77 mg L-1 NH3
+-N (Table 8). 
In Zhang et al. (2018) study, the biomass productivity (Pb) of Chlorella sorokiniana (strain 
SDEC-18) (0.02 ± 0.002 g L-1 d-1) cultivated in ADE-KW diluted by 25% was 80% lower 
than the average Pr (0.10 g L-1 d-1) of this study. The highest Pb (0.023 ± 0.002 g L-1 d-1) of  
the same Chlorella strain was observed in ADE-KW solution diluted to a factor of 15 (Zhang 
et al. 2018). The Pr results of Zhang et al. (2018) study indicated that the growth of Chlorella 





al. 2014). The ADE-KW which was diluted to a factor of 15 and 25 possessed a total 
ammonia content of about 192 mg L-1 NH3
+-N and 320 mg L-1 NH3
+-N, respectively (Zhang 
et al. 2018).  
High concentrations of ammonia are highly toxic to microalgal cells and can inhibit 
microalgal growth (Morales-Amaral et al. 2015; Xia and Murphy 2015). It may be the reason 
that the mean Pr reported in Kwambai (2019) and Zhang et al. (2018) study was much lower 
in contrast to this research. For instance, the total ammonia content of the filtered effluent in 
Kwambai (2019) study was respectively, 46% and 73% higher than the filtered and 
unfiltered, ADDE supernatant in this research. The total ammonia content of the effluent in 
Zhang et al. (2018) study which was diluted by a factor of 15 or 25 are a little higher (by 
about 6% or 33%) than this research. Even though relatively low dilutions (25% and 50%) of 
the filtered and unfiltered, ADDE supernatant was utilised in this study. 
In Cheng et al. (2015) study, the Pr (0.29 g L-1 d-1) produced was roughly 66% higher than 
the average Pr (0.10 g L-1 d-1) of this second study (Table 8). The highest obtained Pr of the 
mutant Chlorella PY-ZU1 in Cheng et al. (2015)’s study was observed in the treatment 
which was supplied with 15% (v/v) CO2, instead, of air. The high supply of CO2 
concentration increased the Pr of this mutant microalga (Cheng’s et al. 2015).  
The Pr value (2.20 ± 0.49 g m-2 d-1  ) from Moheimani et al. (2018) study was probably much 
larger than the average Pr of this research, even though it was not measured in the same 
units. The Pr value of this large scale, outdoor study was greater because one of its aims was 
to cultivate microalgal biomass to produce commercial pigfeed, including treating large 
volumes of ADPE (Moheimani et al. 2018). The consortium was also continually fed fresh 
ADPE media whenever it reached exponential phase, which will significantly affect the Pr 
produced (Moheimani et al. 2018). Small scale indoor studies such as this research, which 
were grown in batch phases (given fixed amount of wastewater media) will not obtain a high 
Pr like in Moheimani et al. (2018) study.  
The mixed consortium in Moheimani et al. (2018) paper, and the mutant Chlorella from 





total ammonia content close to 1000 mg L-1 NH3
+-N. The total ammonia content from these 
studies are about 70% or 85% higher than the total ammonia content (150 or 300 mg L-1 
NH3
+-N) of this study. The ammonia content that the Chlorella cells can tolerate in this study 





Table 8. Summary of the growth of different microalgal cultured in different wastewaters. 
Biomass productivity (Pr) Microalgal species Wastewater type  Additional comments References 
7.4 × 10-5 ± 9 × 10-6 g L-1 d-1   Mixed consortium (Chlorella 
and Scenedesmus species) 
grown in batch phase 
Sand filtered ADDE The mixed culture had the 
highest photosynthetic activity 
(Fq'/Fm') on day 9.  
Kwambai et al. 
(2019) 
2.20 ± 0.49 g m-2 d-1   Microalgal consortium 
(Chlorella and Scenedesmus 
species) grown in semi-
continuous phase 
Sand-filtered and undiluted 
ADPE 
 Moheimani et al. 
(2018) 
0.02 ± 0.002 g L-1 d-1   Chlorella sorokiniana (strain 
SDEC-18) grown in batch 
phase 
Anaerobically digested effluent 
from kitchen waste (ADE-KW) 
diluted by a factor of 25.  





0.29 g L-1 d-1 Chlorella PY-ZU1 mutant 
strain 
Undiluted anaerobic digestion 
effluent of swine manure 
(UADESM) 
Chlorella PY-ZU1 mutant 
strain was supplied with 15% 
(v/v) CO2 





4.3. Removal efficiency of nitrogen sources of other studies and this study 
4.3.1. Ammonia removal rate  
Ammonia is the preferred source of nitrogen in comparison to nitrate by microalgal cells such 
as Chlorella and Scenedesmus (Koreivienė et al. 2014). Nonetheless, high concentrations of 
ammonia can induce ammonia toxicity and cell death to most microalgae, especially 
ammonia concentrations above 100 mg L-1 NH3
+-N (Abeliovich & Azov 1976; He et al. 
2013; Woertz et al. 2009). While no statistical differences existed between the mean 
ammonia removal rates of different treatments in this second study. The ammonia removal 
rate of the 50% UA treatment (93 ± 8 mg L-1 d-1 NH3
+-N) was 77% higher than the average 
ammonia removal rate (22 mg L-1 d-1 NH3
+-N) in other treatments (Fig. 25). About 31% of 
the initial total ammonia content (238 ± 5.44 mg L-1 NH3
+-N) on day 0 in the 50% UA 
treatment was removed. The ammonia removal efficiency of the 50% UA treatment was 85% 
and 94% higher than the mixed consortium (6 ± 3 mg L-1 d-1 NH3
+-N), and Chlorella 
monocultures (14 ± 5 mg L-1 d-1 NH3
+-N) in Kwambai (2019) study.   
Other indoor lab studies, however, had higher ammonia removal efficiencies which were 
close to 100% when compared to this research (Table 9) (Wang et al. 2010; Yang et al. 
2017). This was observed in the treatments in Yang et al. (2017) study that utilised 25% 
sterilised, anaerobic effluent (GADE) mixed with 75% synthetic media (BG-11 medium) or 
tap water (Table 9). The low dilution factor and sterilisation of the wastewater resulted in 
higher total nitrogen removal efficiency in these treatments (Yang et al. 2017). Wastewater 
sterilisation induces unstable nitrogen substances to be more easily degraded, which reduced 
the total nitrogen and ammonia concentrations in these treatments (Yang et al. 2017). It also 
prevents the growth of harmful bacteria such as Myxobacter and Cytophaga which can 
release extracellular substances that kill microalgal cells (Kim et al. 2007; Tan et al. 2014).  
In another study, the anaerobic effluent in published in Wang’s et al. (2010) paper was not 
sterilised, but it was also diluted (by 10% - 25%). The total ammonia concentration of these 
treatments ranged between 100 – 180 mg L-1 d-1 NH3
+-N (Wang et al. 2010). The total 
ammonia content (150 – 300 mg L-1 d-1 NH3
+-N) of this research was approximately 18% or 
60% higher than the average total ammonia concentration (123 mg L-1 d-1 NH3





treatments in Wang et al. (2010) study. While in Yang et al. (2017) study, the total ammonia 
concentration ranges from about 50 – 600 mg L-1 d-1 NH3
+-N. Based on the results from Yang 
et al. (2017) study, it was observed that the treatments with total ammonia concentrations 
ranging between 50 – 200 mg L-1 d-1 NH3
+-N reached close to zero (100% removal) after 16 
days. The total ammonia concentrations (50 – 200 mg L-1 d-1 NH3
+-N) of these treatments in 
Yang et al. (2017) study, was much lower (about 33% - 83%) than this research (150 and 300 
mg L-1 d-1 NH3
+-N). This was why indoor lab studies such as Wang et al. (2010) and Yang et 
al. (2017) obtained an ammonia removal of 100% as some of their diluted treatments 
possessed a lower total ammonia concentration when compared to this research.  
The ammonia removal rate (1.97 ± 0.32 g m-2 d-1) in Moheimani et al. (2018)’s study was 
also higher than the other ADEs. It was because the mixed consortium from Moheimani et al. 
(2018)’s study was cultured in undiluted, untreated ADPE, unlike other indoor studies such 
as Yang’s et al. (2017) and Wang’s et al. (2010) study, including this research (Table 7).  The 
ADEs in these other indoor studies, including this research was diluted (ranging from 10% - 
50%) and some of some of the treatments utilised sterilised anaerobic effluent (Table 9). 
It is important to note that all available nitrogen in ADEs are, however, not solely assimilated 
by microalgal cells for biomass production (Ayre et al. 2017). In general, there are three 
different pathways in which ammonia is removed from the microalgal culture grown in ADEs 
(Ayre 2013). These mechanisms include nutrient uptake by microalgal cells, ammonia 
volatilisation and the conversion of ammonia to nitrate (Ayre 2013).  
For instance, it was observed that a high proportion of the nitrogen in ADPE was lost either 
to the atmosphere in a gas form or through the nitrification conversion pathways (Ayre et al. 
2017). For instance, ammonia is typically present as a gas, which makes it highly volatile and 
it can be easily lost to the ambient environment, especially in regularly aerated microalgal 
cultures (Collos and Harrison 2014). Nitrifying and denitrifying bacteria which are naturally 
present in wastewaters, are responsible for the removal of ammonia (Bohutskyi et al. 2015). 
Nitrifying bacteria can convert ammonia into ammonium (NH4
+), nitrate (NO3
-) or nitrite 
(NO2
-) (Pajares and Bohannan 2016). While denitrifying microbes reduce nitrate (NO3
-) or 
nitrite (NO2





About 80% of the total nitrogen sources such as ammonia which are assimilated by 
microalgal cells is utilised for cell synthesis (Grobbelaar 2000). In Kwambai’s (2019) study, 
ammonia was primarily utilised for microalgal cell growth, instead, of denitrification 
(Kwambai 2019). The same observation was also seen in Yang’s et al. (2017) and Wang et 
al. (2010)’s study; loss of nitrogen sources was also due to nitrogen assimilation for 
microalgal cell synthesis. Based on the results of this study, the available ammonia in ADDE 
was not converted into nitrate since the nitrate concentration of the unfiltered, ADDE 
supernatant remained very low throughout experimental period (Fig. 25).  
There may, however, be other factors that contribute to the removal of ammonia in this study. 
It is possible that some of the ammonia was converted into nitrate by nitrifying bacteria 
(Pajares and Bohannan 2016). This is was observed in the 50% UA treatment which had high 
nitrate removal efficiency (77 ± 7.1 mg L-1 d-1 NO3
--N) which was higher than the initial 
nitrate content present in the unfiltered, ADDE supernatant (13 ± 12 mg L-1 NO3
--N). 
Alternatively, ammonia could also have volatilised, and be released into the atmosphere.   
4.3.2. Nitrate removal rate  
Microalgal cells are capable of assimilating nitrate as an alternate nitrogen source when 
ammonia resources are depleted (Abdulsada 2014). Many organisms such as plants, algae and 
microbes utilise nitrate as a nitrogen source for cellular metabolism (Sivakumar et al. 2012). 
Nitrate is converted into ammonium by nitrate and nitrite reductase enzymes (Sivakumar et 
al. 2012). The ammonium is then assimilated into amino acids and the glutamine synthetase 
pathway (Sivakumar et al. 2012).  
There are two methods in which nitrate is assimilated for cellular functions. It can be 
assimilated by microalgal cells as nitric acid (HNO3
-), which was seen in Chlorella cells and 
the cyanobacterium, Anacystisnidulans (Hiller and Bassham 1965; Flores 1987). It is also 
assimilated by plants and green algae using an energy intensive process (Córdoba et al. 1986; 
Ullrich 1987). It is then directly transported from the cytoplasm into the chloroplasts 
contained in the leaves or roots (Córdoba et al. 1986). For instance, the nitrate assimilation 
and reduction into ammonia in Chlorella and Chlamydomonas is tightly coupled and 





which are responsible for assimilating nitrate and nitrite in the presence of nitrate (Agüera et 
al. 1990). 
Although no statistical difference was observed between the mean nitrate removal 
efficiencies of different treatments in this second study. The 50% UA treatment removed 
about 63% more nitrate (77 ± 7.1 mg L-1 d-1 NO3
--N) in comparison to the mean nitrate 
removal (28 mg L-1 NO3
--N) of the other treatments (Fig. 25). The average nitrate removal 
rate (28 mg L-1 NO3
--N) of this research was much higher (by 89%) than the mixed 
consortium (3 ± 1 mg L-1 NO3
--N) reported in Kwambai (2019) study (Table 9). 
In Moheimani et al. (2018) study, the mixed consortium only removed 6% (0.88 ± 1.64 g m-2 
d-1 NO3
--N) of total nitrate content (14.0 -14.5 mg L-1  NO3
--N) in ADPE (Table 9). The total 
nitrate content of the filtered supernatant (144 ± 18 mg L-1 NO3
--N) in this this research was, 
however, much higher (by 90%) than Moheimani et al. (2018) study (14 – 14.5 mg L-1 NO3
--
N). The filtered ADDE possessed higher levels of nitrate which was why the nitrate removal 
rate in this research was higher than Moheimani et al. (2018) study.  
While the total nitrate content in Yang’s et al. (2017) study, was relatively the same 
throughout the whole experimental period, but the total ammonia content diminished. This 
observation indicates that Scenedesmus species (GN- 171) mainly utilised ammonia as its 
primary nitrogen source (Yang’s et al. 2017). The different treatments in Yang’s et al. (2017) 
study grew in diluted, anaerobic wastewater with total nitrate concentrations ranging from 
about 10 - 200 mg L-1 NO3
--N. The treatments that grew with higher levels of nitrate had a 
nitrate removal efficiency of about 70% (Table 9). The Scenedesmus species (GN- 171) from 
Yang’s et al. (2017) research was capable of growing in total nitrate (close to 200 mg L-1 
NO3
--N) concentrations which are about 50% and 94% higher than the filtered (144 ± 18 mg 
L-1 NO3
--N) and unfiltered supernatant (13 ± 12 mg L-1 NO3
--N) in this research.  
4.3.3. Nitrite removal rate  
Nitrite is typically more reactive and toxic than nitrate in higher plants (Camargo and Alonso 
2006). Higher plants and microalgae can, however, assimilate nitrate and reduce it into nitrite 





2012; Córdoba et al. 1986). In this second study, the total nitrite removal rate of the 50% UA 
treatment (263 ± 69 mg L-1 d-1 NO2
- -N) was 63% higher than the average nitrite removal (96 
mg L-1 d-1 NO2
--N) of the other treatments (Fig. 25). 
While in Kwambai’s (2019)’s study, no statistical difference was observed between the nitrite 
removal rates between the Chlorella monoculture and the mixed consortium. Even though, 
the mixed consortium had the highest nitrite removal rate of  1.23 ± 0.40 mg L-1 d-1 NO2
--N 
which was greater than the Chlorella monocultures (1.16 ± 0.40 mg L-1 d-1 NO2
--N). It was 
hard to compare the nitrite removal efficiency of Kwambai’s (2019) study to this research 
since the unfiltered supernatant had a high nitrite content (300 mg L-1 d-1 NO2
--N) and the 
filtered supernatant in this study was zero (Fig. 18). This explains why the average nitrite 
removal efficiency (96 mg L-1 d-1 NO2
--N) in this research was 99% higher than the mixed 
consortium (1.23 ± 0.40 mg L-1 d-1 NO2
--N) in Kwambai (2019) study. The same consortium 
cultured in the 50% UA treatment had a total nitrite removal (263 ± 69 mg L-1 d-1 NO2
- -N) 
which was also 99% higher than the same mixed consortium (1.23 ± 0.40 mg L-1 d-1 NO2
--N) 
reported in Kwambai (2019) study (Table 9). 
Interestingly, nitrite was also present in the microalgal cultures in Kwambai’s (2019) study 
when the original nitrate content of the sand-filtered, undiluted ADDE was zero (Table 7). 
The same observation was seen in this study; no nitrite was present in the sand-filtered, 
undiluted ADDE (Fig. 18) but it was detected in the 25% SA and 50% SA treatments during 
days 2 to 4 (Fig. 18). The increase in nitrite was most likely due to nitrifying bacteria and the 
reduction of nitrate into nitrite by microalgal cells (Pajares and Bohannan 2016; Córdoba et 
al. 1986).  
4.3.4. Phosphorus removal rate 
Phosphorus is another essential nutrient like nitrogen for microalgal metabolism and 
development (Abdulsada 2014). Microalgal typically utilise dissolved inorganic phosphorus 
(Abdulsada 2014). There are two methods in which phosphorus is removed; precipitation 
induced by high pH levels or it is directly assimilated by microalgal cells for growth (Muñoz 





which ranged from 20 - 40 mg L-1 d-1 PO4 
3- except the 25% SA treatment, which was 0% in 
this second study (Fig. 25). 
In Kwambai’s (2019) study, the Chlorella monoculture and the same mixed consortium had 
the highest phosphate removal rate (0.8 ± 0.5 mg L-1 PO4 
3- ) (Table 9). No statistical 
differences, however, existed between the phosphate removal rates of the Chlorella 
monocultures and mixed consortium (Kwambai 2019), similarly seen in this research. It can 
be assumed that phosphate in Kwambai’s (2019) study was primarily removed by the 
microalgal cells (Kwambai 2019). Since the phosphate content were relatively low and 
neutral (pH 5 to 7) which was optimal for microalgal growth (Kwambai 2019). While the 
initial average phosphate content on day 0 (304 mg L-1 PO4 
3-) of all the treatments in this 
research was significantly higher (by 90%) than the sand-filtered effluent (29 ± 0.4 mg L-1 
PO4 
3-) in Kwambai (2019) study (Table 7). 
In Yang’s et al. (2020) study, the phosphate removal rate of the Scenedesmus species (GN 
171) grown in different conditions was between 7% - 98% (Table 9). The total phosphorus 
content in Yang’s et al. (2020) study, ranged from less than 30 – 50 mg L-1 TP which is about 
84% - 90% lower than the initial average phosphate content (304 mg L-1 PO4 
3-) of this 
research. The same was also observed in Wang’s et al. (2010) study; approximately greater 
than 60% - 70% of phosphorus was efficiently removed. The Chlorella species cultured in 
the anaerobic dairy manure diluted to a factor of 10 could remove about 70% of the 
phosphorus (Wang’s et al. 2010). The total phosphate content (16 – 30 mg L-1 PO4 
3-) in 
Wang’s et al. (2010) study, was also about 95% - 90% lower than the initial average 
phosphate content (304 mg L-1 PO4 
3-) of this research. The amount of phosphorus or 
phosphate in these studies were much lower when compared to this research, which explains 
why they achieved higher phosphate removal rates.  
To cultivate microalgae in anaerobic digestate, the optimal N: P ratio is about 10 or 17: 1; 
phosphorus only accounts for 1% of the microalgal dry weight (Abdulsada 2014; 
Schamphelaire and Verstraete 2009). The high phosphorus content in the treatments might 
indicate why no statistical difference existed between the phosphate removal rates of all 





was diluted; the N: P ratio was not ideal. The initial average total phosphate content (304 mg 
L-1 PO4
3-) was 34% higher than the initial mean ammonia content (200 mg L-1 NH3
+-N) 
observed in the all the treatments on day 0 (prior to microalgal inoculation).  
4.3.5. COD removal rate 
Although no statistical differences was observed between the mean COD removal rates of 
different treatment replicates. The 50% UA treatment possessed the highest COD removal 
rate (122 ± 45 mg L-1 d-1 COD) which was 73% higher than the average COD removal rate 
(33 mg L-1 d-1 COD) of all treatments in this study (Fig. 25). The COD removal rate of the 
50% UA treatment was higher in comparison to other publications such as Yang’s et al. 
(2017) and Wang et al. (2010) study (Table 9). It was because the effluent in these studies 
possessed a higher COD content in comparison to this research even when it was diluted 
(Yang et al. 2017; Wang et al. 2010).  
In Yang’s et al. (2017) study; the COD removal efficiency for all treatments varied from 4% 
to 49% except in one of the treatments (Table 9). There was an increase in COD content 
observed in this treatment; it could be due to the production of organic matter metabolised by 
the Scenedesmus species (GN-171) (Yang’s et al. 2017). The diluted anaerobic effluent in 
Yang’s et al. (2017) study ranges between 250 to greater than 1000 mg L-1 d-1 COD. The 
COD concentrations in Yang’s et al. (2017) study was about 48% - 87% higher than the 
initial COD concentrations (ranging from 130 – 500 mg L-1 d-1 COD) of all treatments on day 
0 in this research.   
The COD removal reported in Wang’s et al. (2010) study, was also very low (28% - 38%) 
(Table 9). The low COD removal rate may be due to recalcitrant organic substances present 
in the COD which makes it hard for microalgal cells to degrade or utilise (Tan et al. 2014). 
Some of these organic compounds are naturally excreted from the metabolism or cell lysis of 
microalgal cells which affects the removal COD in the external environment (Hadj-
Romdhane et al. 2013). The COD concentrations in different treatments in Wang’s et al. 
(2010) study ranged from about 800 – 1300 mg L-1 d-1 COD. The COD concentrations in 
Wang’s et al. (2010) study was about 62% - 90% higher than the initial COD concentrations 





In conventional WWT practices which utilises microalgae, the removal of COD is typically 
very inefficient (Lee et al. 2019). It is because microalgae release organic compounds which 
increases the COD content of the wastewater (Grobbelaar 2009). These organic substances 
can kill microalgal cells or inhibit cell growth (Joanna and Justyna 2018). Most of  the COD 
in wastewater are usually insoluble and requires an extensive amount of time to biodegrade 
(SCOD) (Joanna and Justyna 2018). 
To achieve efficient COD removal, conventional microalgae WWT practices utilise bacteria 
and fed the microalgal fresh wastewater media such as activated sludge at the right time (Lee 
et al. 2019). In Lee’s et al. (2019) study, Coelastrum microporum was co-cultivated with 
other bacteria. The bacteria could utilise the COD compounds and also promote the growth of 
microalgae, C. microporum (Lee et al. 2019). The microalgae and bacteria consortium can 
also greatly reduce the COD and BOD levels of the wastewater (Gonçalves et al. 2017).The 
microalgae and bacteria consortium removed about 77.1% and 64.8% of soluble COD in 
batch and semicontinuous cultures which were given additional sludge (Lee et al. 2019). In 
another study conducted by de-Bashan et al. (2002); there was an increase in biomass 
productivity of Chlorella vulgaris when it was co-cultivation with the microbe, Azospirillum 
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4.3.6. Heavy metal removal  
Certain factors have been reported to affect the uptake of heavy metals by microalgal cells. 
These variables include temperature, pH, metal concentration and speciation, the presence of 
other metals; microalgal biomass concentration (living or dead microalgae cells), microalgal 
biomass regeneration, and pre-treatment (Monteiro et al. 2012). For example, it has been 
shown that an increase in pH enhances the assimilation of metals by microalgal cells 
(Monteiro et al. 2012).  
Studies published by Monteiro et al. (2009, 2010) demonstrated that Cd2+ and Zn2+ 
absorption by the microalga, Desmodesmus pleiomorphus significantly increased at pH levels 
of 4 to 5. Higher pH levels induce the precipitation of many metal ions which decreases the 
metal removal uptake by microalgal cells (Monteiro et al. 2012). The ability for microalgae 
to absorb metal ions also depends on the existing concentration of metal ions in the solution 
(Monteiro et al. 2012). Microalgal cells have inherent metal absorption thresholds, which 
means they can only absorb a certain amount of metal ions (Rocca et al. 2009; Omar 2002).  
In this study, no statistical differences existed between the pH values for all treatments 
measured at different sampling days in the morning and afternoon. The pH for most of the 
treatments on day 0 ranged from 6 – 8.3 (Fig. 23). After 8 days, the mean pH values observed 
in all treatments ranged from about 5.5 – 6 (Fig.). It seems that the pH was within the pH 
range (4 to 5) reported in Monteiro et al. (2009, 2010) studies. The low pH of the algal 
cultures in this research after about one week may have induced the precipitation of metal 
ions in solution (Monteiro et al. 2012).  
The absorption of metal ions may have been enhanced if it did not exceed the metal ion 
threshold of the Chlorella cells in this research. For instance, the microalgal biomass in the 
50% UA treatment contained high levels of Cr (6 ± 0.93 mg kg-1) and Cd (12 ± 0.48 mg kg-1) 
observed at the end of the cultivation period. The increase in heavy metal concentration in the 
algal biomass corresponded with the significant reduction of Cr, As and Cd in the supernatant 
of the 50% UA treatment on the day 7. There was 25% and 21% less Cr, As and Cd in the 
effluent from the 50% UA treatment on day 7 when compared to the supernatant from the 





The Food and Agriculture Organization (FAO) of the United Nations has established a series 
of international standards and recommendations in the Codex Alimentarius (Codex Stan 193-
1995) which lists the maximum level of contaminants such as heavy metals (HMs) in food 
and feed (Table 10) (CAC 1995). The concentration of As (4 ± 0.21 mg kg-1) and Cd (12 ± 
0.48 mg kg-1) present in the mixed consortium’s biomass (Table 6) in this study was higher 
than the recommended levels of these HMs set by the Codex Alimentarius (Table 10). The As 
concentration observed in the mixed consortium’s biomass was about 98% - 99% higher than 
the levels outlined in the Codex Alimentarius (CAC 1995). The Cd content in the same 
microalgal biomass was also about 83% - 99% greater than the Cd concentration set by the 
Codex Alimentarius (CAC 1995). It is unknown if the Cr levels in the mixed consortium’s 
biomass was less or greater than the international safety standards for this metal since it was 
not stated in the Codex (Table 10). 
While, in other studies the removal of the same HMs observed in this research were much 
higher. For instance,  the removal efficiency of Cr and Cd in Yang’s et al. (2017) study was 
higher (greater than 60% - 70% for different treatments) when compared to this research  
(Table 11). Even though only one microalga (Scenedesmus GN-171) was utilised; different 
heavy metal removal efficiencies for 12 metals 
(17% - 97%) was observed (Yang’s et al. 
2017). The metal concentration, metal species, 
culture conditions, pH and other factors play a 
major role in influencing the heavy metal 
removal efficiency of Scenedesmus GN-171 
(Chipasa 2003; Monteiro et al. 2012). These 
factors may have also affected the heavy metal 
removal rate of the mixed consortium of this 
research.   
In Cheng’s et al. (2015) study, the heavy metal removal efficiency of Cd and As was also 
much higher in comparison to this research. The microalga, Chlorella pyrenoidosa (mutant 
Chlorella PY-ZU1) could efficiently remove 90% of Cd and 64% of As (Table 11) (Cheng et 
al. 2015). The biomass of the mutant Chlorella PY-ZU1 also possessed higher concentrations 
Table 10. Summary table of heavy metal 
removal or uptake in different effluents. 
The dashed line (⎯) symbol indicate that 







of As and Pb in comparison to the other heavy metals observed in Cheng et al. (2015) study. 
It was because the UADESM initially had a high concentration of these HMs (As and Cd) 
(Cheng et al. 2015). While the mixed consortium’s biomass in this research contained a low 
amount of As (9%) even though it was the most abundant heavy metal (43 µg L-1 of As) in 
the effluent prior to microalgal inoculation (Table 6).   
In other studies, it was found that microalgal species were also more efficient at absorbing 
other heavy metals other than As like this research. For instance, Cheng et al. (2015)  
reported that Chlorella PY-ZU1 absorbed Pb, Hg and Cd with higher preference over As 
(Table 11). The same was observed in the dried microalgal biomass of Spirogyra hyalina 
which had a preferred metal uptake of Hg> Pb> Cd> As> Co (Kumar and Oommen 2012). 
Monteiro et al. (2012) reported that specific metal ions can inhibit microalgal growth as the 
cells are less resistant to these metal ion species. It is possible that the Chlorella cells 
cultivated in this study were less tolerant to As just like the other microalgal species exposed 
to this metal ion such as Chlorella PY-ZU1 and S. hyalina (Cheng et al. 2015; Kumar and 
Oommen 2012). According to the WHO (2017), As is one of the top ten HMs which are 
considered the most toxic. It may explain why the mixed consortium in this study was not 
able to efficiently absorb As due to its potential toxicity to microalgal cells in comparison to 
the other HMs.  
Wastewaters that are multi-metal solutions also hinders the metal absorption ability of 
microalgal species in comparison to single metal solutions (Singh et al. 2007). For instance, 
the removal of Cu2+, Cd2+, Zn2+, Ni2+ and Pb2+ by S. neglecta from the multi-metal solution 
decreased by 19%, 48%, 63%, 62% and 22%, respectively in comparison to the single metal 
solution (Singh et al. 2007). Multiple metal species competing at once for free binding sites 
will significantly inhibit the metal absorption ability of microalgal cells (Singh et al. 2007). 
Therefore, it may be necessary to do a full heavy metal analysis as this information will 
indicate if the ADDE is a multi-metal solution. This could be another reason why some of 






Table 11. Summary table of heavy metal removal or uptake in different effluents. The dashed line (⎯) symbol indicate that the variable was not measured in the study. 
Lead (Pb)  Cadmium 
(Cd)  
Arsenic (As)  Chromium (Cr)  Mercury (Hg)  Media culture Microalgal 
species 
References 
5.06 mg kg-1 
Pb2+ (81.6% 
removal) 
0.06 mg kg-1 
Cd2+ (90% 
removal) 
0.85 mg kg-1 
As3+ (64.3% 
removal) 
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4.3.7. Pathogen removal 
The objective of this study was to evaluate the treated effluent for harmful pathogens and if it 
was safe for discharge into the environment. It is important to note that no species 
identification was conducted on the bacteria counted in this research. It is important to 
identify bacterial species as this could help detect not only the presence of pathogenic 
bacteria but also nitrifying and denitrifying microbes. These microbes are important as they 
play a major role in the removal of nitrogen sources, particularly ammonia present in the 
ADDE supernatant (Pajares and Bohannan 2016). Microbes such as Escherichia coli, 
Salmonella, Yersinia enterocolitica, Enterococcusare are typically removed by the anaerobic 
digestion treatment process (Zhao et al. 2019). Other bacteria such as Campylobacter jejuni, 
Streptomyces, Collinsella aerofaciens, Streptococcus salivarius, Gordonia bronchialis, 
including many other microbes are more resistant and are not easily eliminated by the same 
digestion process (Zhao et al. 2019).  
Environmental conditions in microalgal cultures such as high pH, high light intensity, high 
dissolved oxygen (DO), and the shear induced by the mixing of cultures can significantly 
remove a large proportion (about 99%) of pathogenic bacteria (Moheimani et al. 2018) 
(Table 12). In this study, the number of aerobic bacteria increased due to oxygen produced by 
the photosynthetic microalgae (Hagen 2009). The dissolved oxygen produced from 
photosynthesis supports the aerobic respiration of the aerobic bacteria (Oswald and Gotaas 
1957) (Fig. 22). The DO, however, did not eliminate the coliform and E.coli microbes in this 
study, but rather the anaerobic digestion process of the treated effluent (Zhao et al. 2019).  
In Liu’s et al. (2020) study, it was also observed that the environmental factors such as the 
pH, DO and temperature affected the reduction of pathogenic bacteria (Table 12). The mixed 
consortium (Mougeotia and Hydrodicty species) increased the pH and DO conditions of 
different treatments (Liu et al. 2020). For instance, high pH levels (pH of 8 - 8.5) inhibited 
the growth of E. coli and total coliforms (Liu et al. 2020). A similar result was also reported 
in another study, the pH of 8.5 - 8.8 inhibited the growth of E.coli (Mezrioui et al. 1995). 
While, the pH values observed in all treatments in the second study of this research decreased 





afternoon (pH of 6 to 5.5) for all treatments, especially on day 15 most probably did not 
inhibit the growth of aerobic microbes (Fig. 23). 
In Gupta’s et al. (2016) study, the same was observed in the undiluted raw sewage derived 
from municipal wastewater. There was close to 99% - 100% removal of total coliform and 
faecal bacteria (Table 12). High environmental pH has bactericidal effects on harmful 
pathogens (Gupta’s et al. 2016). While in other publications such as Gupta et al. (2016) who 
reported that the pH in their study did not significantly affect the reduction of pathogens. The 
primary cause of the depletion of pathogenic microbes was due to the bactericidal properties 
released by the microalgal cells (Gupta’s et al. 2016). Microalgae can excrete metabolites 
which have bactericidal effects on harmful pathogens (Kümmerer 2008).  
For instance, the decay rate of faecal coliform (FC) bacteria was directly proportional to the 
concentration of the metabolite, chlorophyll a in microalgae wastewater treatment systems 
(Ansa et al. 2012). It significantly decreases when the optimal level of this pigment is 
produced (Ansa et al. 2012). The strength of the wastewater also plays an essential role in the 
production of this pigment (Woods 2019). It can determine the presence of pathogens, and it 
affects the survivability of FC bacterial cells depending on the strength of the effluent 
(Woods 2019).  
Another study also reported that chlorophyll and its derivative, pheophytin was capable of 
inhibiting multi-drug resistance behaviour exhibited in cancer cells and methicillin-resistant 
Staphylococcus aureus (MRSA) (Wang et al. 2019). In this research, it was unlikely that the 
mixed consortium produced any metabolites with bactericidal effects since there was a high 
number of aerobic bacteria observed on day 3 and 15 in all treatments (Fig. 22). Low levels 
of aerobic bacteria would be observed in all treatments if the Chlorella cells in this research 
excreted metabolites with bactericidal properties.  
Some studies have shown that the same mixed microalgal consortium are also capable of 
efficiently removing nutrients in the presence of bacteria (He et al. 2013). This is highly 
advantageous since ADEs contain high concentrations of organic substances which can 





(Muñoz et al. 2006; Nwoba et al. 2017). This, however, results in a depletion of nutrients in 
the wastewater which induces competition between these microorganisms for the leftover 
resources (He et al. 2013; Sforza et al. 2018).  
This may be the reason why there was an increase in aerobic bacteria but a decline in the 
number of Chlorella cells observed in all treatments except the 25% SA treatment in this 
study after 15-16 days (Fig. 22). There was still an average of about 1× 107 CFU mL-1 aerobic 
bacteria observed in most treatments after 15 days (Fig. 22). In most of the treatments, the 
Chlorella cells declined or reached cell death phase after 4 - 7 days (Fig. 22). The mean 
Fq'/Fm' values observed in all the treatments were less than 0.5 after 8 days (Fig. 23) which 
indicates that microalgal cells were extremely stressed (Gupta et al. 2016). The algal cultures 
in this research were physiologically stress, most probably due to the lack of nutrients 
available in the culture after one week (White et al. 2011). The aerobic bacteria may have 
outcompeted with the microalgal cells for nutrients, which may have resulted in the decline 
of Chlorella cells after 7 – 8 days (Fig. 22). 
Currently, more research needs to be done to fully understand the interaction between the 
microalgae-bacteria consortium (Goncalves et al. 2017). The influence of microalgae on the 
changes in bacterial population is very dominant, especially in large outdoor field studies 
such as high rate algal ponds (HRAPS) (Gonçalves et al. 2017). Another factor that could 
influence the bacterial population dynamics is the species composition of the bacterial 
community (Woods 2019). It seems that different ratios of bacteria to microalgae affects the 
composition of bacterial species (Su et al. 2012). For instance, Su et al. (2012) reported that 
the composition of bacterial species was 80% similar in culture ratios ranging between 1:1 – 
1:5 of microalgae to sludge. The similarity in the composition of bacterial species grown in a 
culture range of 1: 10 was only 30% similar (Su et al. 2012).   
It would be of great interest if the species of bacteria were identified in this research. This 
would provide valuable data such as the species composition of the bacterial community 
profile present in ADDE over time. This information would also indicate if abiotic 
parameters (pH, light and temperature and the bacterial species) played a significant role in 





resistant pathogens such as C. perfringens in ADDE. It may also indicate potential signs of 
microalgal cells collaborating with other microbes to aid in each other’s survivability in the 
effluent. Further analysis also needs to be conducted to demonstrate if the abiotic parameters 
of this indoor study or the bactericidal metabolites produced by microalgal cells were heavily 





Table 12. Summary table of pathogen removal in different effluents. The dashed line (⎯) symbol indicate that the variable was not measured in the study. 
% pathogen removal Concentration of 
removed pathogen  
Media culture or 
Wastewater type 
Microalgal species Additional notes References 
Scenedesmus obliquus: 
99.93% ± 0.12% total 
coliforms and 100% 
faecal coliform removal 
Chlorella sorokiniana: 
99.78% ± 0.12% total 
coliforms and 100% 
faecal coliform removal 
 
C. sorokiniana: 
Roughly 0 – 2.5 × 104 
CFU 100 mL-1 total 
coliform and 5 × 105 -  2 
× 106 faecal coliform 




Roughly 2 × 104 – 2.5 × 
104 CFU 100 mL-1 total 
coliform and 5 × 105 -  2 
Filtered, raw sewage 
wastewater diluted 
with post chlorinated 
effluent derived from 
municipal wastewater 
Monocultures of C. 
sorokiniana and S. 
obliquus grown in 
batch phases 
There were four 
treatments with different 
concentrations of raw 
sewage wastewater (25%, 
50%, 75% and 100%) 
created in this study. 






× 106 faecal coliform 
removal for all 
treatments 
 
Total coliforms: 42.5% 
removal 




No removal of this 
pathogen; increased by 
10% 
Mean total coliforms: 
0.10 total coliforms d-1 
(final mean 
concentration: 2.02 log 
CFU 100 mL-1) 
Mean E. coli: 0.14 E. 
coli d-1 (final mean 
concentration: 0.93 log 
CFU 100 mL-1) 
Mean Enterococci: 
0.114 Enterococci d-1 
(final mean 
Secondary treated 
effluent derived from 
municipal wastewater  
Mixed microalgal 
consortium (Mougeotia 
species and Hydrodicty 
species) grown in batch 
phase 
The removal of these 
pathogens was observed 
in different pH levels 
(refer to Table 1 in Liu’s 
et al. (2020) paper).  





concentration: 0.86 log 
CFU 100 mL-1) 
Mean C. perfringens: - 
0.01 C. perfringens d-1 
(final mean 
concentration: 3.5 log 
CFU 100 mL-1) 
Roughly 99% - 100% 
for most pathogens 
detected in ADPE 
Total coliforms and E. 




pathogenic E. coli 
(O157:H7) was not 
detected 
Clostridium perfringens 








species) grown in batch 
and semicontinuous 
phase 
These results indicated 
the pathogenic bacteria 
load that was observed in 
the microalgal biomass 
cultivated in ADPE (refer 
to Table 3 in 
Moheimani’s et al. 
(2018) paper) 












5. Conclusion  
Overall, it seems that the mixed consortium reached maximum cell growth (µ50% UA= 1.44
 ± 
0.06 Chlorella cells day-1) in the 50% UA treatment. Although no significant difference was 
seen between the mean Pr and µ of all treatments. All the treatments observed in this study 
were highly capable of nitrogen removal. The 50% UA treatment was the most efficient in 
removing nitrogen sources (ammonia, nitrate and nitrite) in comparison to the other 
treatments. The removal of these nitrogen sources in this treatment were, however, lower than 
the results reported in other literature sources. The 50% UA treatment was also the most 
efficient at removing a large amount of COD and phosphate present in the unfiltered, ADDE 
supernatant. The optimal run time for all the treatments was about one week before most of 
the cultures were dominated by other undesired and unknown microorganisms.  
It was also observed that the HMs content of the microalgal biomass derived from the 50% 
UA treatment were higher than the maximum international levels of HMs outlined in the 
Codex Alimentarius set by the FAO. The microalgal biomass produced in this study, 
therefore, cannot be used to produce food and feed as it does not meet the international safety 
standards. In this second study, no coliform and E.coli bacteria was observed during the 
whole experimental period. There was still a high number of aerobic bacterial growth 
observed in all treatments towards the end of this research. Further research is required to 
investigate the optimisation of the mixed consortium in the filtered and unfiltered, ADDE 
supernatant. Suggestions of some areas in this research which require further investigation 
are outlined in future directions.  
6. Future Directions 
More work is required before this indoor lab experiment can be converted into an outdoor lab 
study. Various factors are still unknown, which will require further analysis to fully 
understand how to optimise the growth of this consortium in the ADDE supernatant. For 
instance, it still unknown as to why the ammonia content of the filtered supernatant was 
lower than the unfiltered supernatant. It could be due to the separation of the suspended solids 





ammonia, which may have altered the chemical composition of the sand-filtered supernatant. 
Further testing is required to prove this observation.  
Species identification of microalgal cells and bacteria should also be regularly assessed. The 
data will aid in characterising the species composition of the mixed consortium, and bacterial 
community present in ADDE over time. It will assist in identifying foreign microorganisms 
such as the mobile, Chlorella-like cell observed in this research. Species identification of 
microbes would also indicate the presence of highly resistant, pathogenic microbes such as C. 
perfringens, including nitrifying or denitrifying microbes in the ADDE supernatant. This 
additional information will also show if the nutrients such as nitrogen sources in ADDE were 
primarily utilised by mixed microalgal consortium or by nitrifying or denitrifying bacteria.  
The presence of certain bacterial species will also indicate if abiotic factors (pH, light, 
temperature and so forth) significantly influences the species composition of the microbial 
community of this research. The bacterial and microalgal composition of this study might 
also indicate if these microorganisms collaborated to aid in each other’s survivability in the 
effluent. Further analysis also needs to conducted to demonstrate if the abiotic parameters of 
this indoor study or the bactericidal metabolites produced by microalgal cells were heavily 
responsible for pathogen removal.  
In order to fully understand the optimal culture conditions, which maximise the growth of 
this mixed consortium. Suggestions of additional parameters which require further analysis 
will be outlined here. The growth response of the same mixed consortium to different levels 
of CO2 and pH should be also be investigated. For the level of CO2
 amongst other abiotic 
parameters may affect the Pr of the mixed consortium. The pH of the culture determines the 
chemical composition of the wastewater, such as the amount of dissolved CO2, oxygen, 
presence of ammonia, heavy metals and so forth. 
For the benefit of other future studies, it will also be necessary to do a full heavy metal 
analysis as this information will indicate if the ADDE is a multi-metal solution. This data will 
indicate if multiple metal ions compete for binding sites, which will inhibit the heavy metal 





also needs to be collected from one replicate of each treatment every two or three days and 
send for heavy metal analysis.  
All these suggestions require further investigation before any large scale outdoor cultivation 
takes place. These factors need to be considered as it will also affect the growth of the same 
mixed consortium when it is cultivated outdoors. The unstable environmental conditions 
outdoors are unpredictable, unlike a controlled indoor lab experiment like this research. The 
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